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ABSTRACT ' “
The flow investigated consists of a pressure wave travel­
ling along a pipe of constant cross-section 1” in diameter*
The wave is generated by a piston, actuated by an electromag­
net and travelling in a cylinder connected to the pipe trough 
a convergent ho&zle, the ratio of diameters being 4. The maxi­
mum acceleration attained by the piston is of the order of 30g. 
and the maximum flow Mach number obtained in the pipe is equal 
to 0.334# The increase in pressure with) time in the cylinder 
Aatdeight stations placed along the pipe is recorded by means 
of capacitance pressure gauges and C. R. tube oscillograph 
equipped with a drum camera. An accurate time pulse is super­
imposed on the record, together with a series of alactrical im­
pulses indicating the position of the piston in the cylinder 
at a given Instant. This last series of impulses affords the 
means of comparison and indication of reproducibility of the 
pulse generated.
The calculations of the change in the flow and state parameters 
along the pipe are performed on the assumption that the flow
is isentropic, and are based on the method of characteristics
for non-steady one-dimensional flow.
The difference between the calculated and experimental results, 
which are well eutside the experimental error range are shown 
to be predominantly due to friction in the pipe. The magnitude 
of the deviation of the experimental results from the isentro­
pic theory is found to increase both with increasing Mach num­
ber and length of pipe. For Station 5, at 96 diameters from 
the inlet to the pipe the deviation of the actual pressure from 
the one calculated on the assumption of isentropic flow is 
found to be approximately equal to 5$of the isentropic at U 
equal to 0*3ly .and ‘1$ at M equal to 0 * 1 8 * Sto/tioft 7^240 
diaebtera distant from, the inlet* the. deviation from the..
isentropic at the same Mach numbers increases to 10$ and 3$ 
respectively. It is shown that the isentropic assumption is 
sufficient anly in the range of lengths below 48 diameters of 
the pipe where the deviation does not exced 2$ at the highest 
Mach number obtained. Outside this- range the effect of friction 
in the boundary layer has to be taken into account. An. attempt 
to allow for friction effects by calculating the pressure dec­
rease along the isentropic particle path is shown to be insuf­
ficient to account for the losses observed.
An attempt is made to develop a step-by-step method of integra­
tion for the partial differential equations of linear non-steady 
flo w, with friction included in a way similar to that accepted 
in the linear and steady flow of a compressible fluid.
Notation
velocity of sound
cross-sectional area of the pipe
specific heat at constant pressure
pipe diameter
base of natural logarithms
coefficient of friction
acceleration due to gravity
specific enthalpy
constant
constant
Mach number
constant
Ma.ch number squared 
pressure
specific gas constant 
Reynolds number 
entropy per unit mass 
time
temperature 
velocity of flow 
distance along the pipe 
function e^ained on page 106
£1 \dimensionless velocity of sound ( - )
a
c
ratio of specific heats ( )
v
V
temperature
t 'V'3 \dimensionless velocity of flow { - )
aa
s - coefficient of friction
J\ - pressure ratio ( 2 }
P
^ - density
X. - tangential stress at the boundary layer due to
friction
Suffices
a - refers to the atmospheric or undisturbed conditions 
o - refers to the conditions in the cylinder
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internal combustion engines, certain types of jets and compr­
essed air installations the flow of the working fluid is of 
a non-steady nature.
In general the flow is three-iimensional, however the di­
fferential equations describing the flow can not be integra­
ted, The flow is therfore assumed to take place in two and 
even in one dimension, the limiting factor being the rate of 
change of'parameters in the direction other than the one 
specified. If the rate of change in any of the three orthogo­
nal directions is very small the value of the parameters, in 
this direction can be assumed constant,any differential being 
then equal to zero. In case of the non-steady flow even with 
one-dimensionsl assumption time constitutes additional inde­
pendent Variable*. The calculations of the parameters of state 
is then carried out with the ail of the "Method of Character­
istics, " This method is bajsed upon the properties of the hyp­
erbolic type differential equations, the basic differential 
equations of the flow falling into this type (5),
The mathematical basis of the method was developed in thfc.rse­
cond. half'of the nineteenth century, it remained however un­
known to the.physicists interested in the problem of the non- 
steady flow of compressible fluid, and was only recently re­
developed and applied to the solution of engineering problems* 
The method of calculations is still confined to the labora­
tory and.experimental fields, and there seems to be a marked 
reluctance to apply the theory' to practical problems. This 
may be due to the fact that although the approximation affor­
ded is of a good order the calculations are lenghty and invol­
ved:, Or if the graphical solution is attempted a very high
degree of draughtsmanship is required.
The assumptions generally made in the calculations of the 
flow end state parameters in the one-dimensional non-steady 
compressible fluid flows, are that the fluid obeys the per­
fect gas law and its specific heats are constant,and that the 
flow is isentropic.
The assumption regarding the fluid is known to afford a 
high degree of accuracy, provided that the changes in tempera­
ture are not excessive.(see Refs. 19 and 21) However the inf­
luence of the energy dissipation in the boundary layer can 
not be completely neglected.
The extent to which the influence of friction and heat ex­
change in the boundary layer modifies the idealised flow is 
not easy to predict. Even in steady flow conditionswhen time 
does not enter into the basic differential equations their in­
tegration presents considerable difficulties.
In the case of non-steady flow where time becomes an ad­
ditional parameter the procedure is still more complicated.
The object of the present investigation is to obtain an 
indication of the extent te which'the non-reversibility of 
the flow influences the propagation of a simple compression 
‘Wave* In order to simplify the problem the effects of the 
change of area are eliminated, by restricting the investi­
gation to a straight pipe of constant diameter.
The non reversibility of the flow is assumed due only to
the effects of friction in the boundary layer, and the heat 
exchange with the surroundings. The two effects are acting in 
opposition to each other; in the subsonic flow the effect of 
friction is to accelerate the flow while cooling tends to dec-
celerate it. However only the total net effect is investiga*-. n
ted without differentiating between the actual share of the
two influences. As the influence of friction is considera­
bly greater than the heat exchange with the surroundings the 
net effect will be accounted for by a modification in the as­
sumed apparent coefficient of friction.
The pressure wave although initiated by the movement of 
the piston is introduced into the pipe, in which it is inve­
stigated, through a convergent nozzle.
This arrangement besides requring much smaller piston ve­
locities to obtain the same flow velocity, has an additional 
advantage of being much more similar to the conditions met 
in practice.(Engine exhaust system)
The test pipe 52: feet long has test stations spaced only
on the first half of its length, the second half , of
idle
the pipe is lefta in order to obtain a purely compressive wave 
without the interaction of the reflected rarefactions, which 
change the pattern of the flow to a considerable extent.
2.)  Previous Investigations
A search through the aviable literature indicated only a li­
mited number .of.experimental investigations of the non-stea- 
dy flow of compressible fluid.The chief reason was probably 
the lack of suitable recording apparatus. The phenomenon, 
whether a single occurence or a cycle of operations, is com­
pleted within a fraction of a second, making any personal ob­
servations impossible. Further the recording instruments^raust 
for the same reason, be extremely sensitive and the recording 
must be instantaneous and accurate. Electronic instruments, 
which due to the absence of moving parts and consequent fric­
tion, and almost non existent time lag between the occurence 
and its indication are the best suited, were not fully deve­
loped until just before the war.
Of the investigations which were carried out, the majori­
ty were concerned with the formation and propagation of st­
rong shocks i.e. sudden discontinuities in the state para­
meters connected with the propagation of an abrupt change in 
pressure. The discharge of gases from vessels being closely 
connected with scavenging of engine cylinders was also inve­
stigated by a number of experimenters.
The propagation of waves of finite amplitude in pipes was 
investigated by E.Jenny (13,14,15). His experiments had in 
view the investigation into the behaviour of gases in the 
Diesel engine exhaust systems, and problems arising from the 
utilisation of the exhaust gas to drive engine superchargers. 
The experimental apparatus was arranged to suit practical 
conditions, and consisted of four cylinders in which due to 
suitable valve timing a working cycle could be simulated wit­
hout the use of pistons. The four cylinders were mounted on a 
single support and any single one or all four could be used.
A test pipe of 40 nm. internal diameter and 19 5 5 mm. long 
was connected to one of the cylinders. The free end of the 
pipe could be left open, though a diffuser or a nozzle could 
be attached, in order to simulate the turbine driven by the 
exhoust gases being fitted at the end of the exhaust pipe.
The pressure variation in the cylinder and at four points 
along the pipe were recorded by means of a Philips diaphragm 
pressure indicator and a cathode ray oscillograph. The re­
cordings were obtained by making still photographs of the 
Cathode ray tube screen. The timing of the records was obtai­
ned by superimposing on the main trace impulses indicating 
the angular position of the shaft. The speed of revolution 
ox'th'e shaft being constant and measured , the time interval 
between the impulses could be calculated.
A number of tests was performed, and the results obta­
ined ?/ere compared with the calculations based first on the 
assumption of isentropic flow and then corrected to include 
the effects of friction in the pipe. The basic equations of 
non-steady flow and the developement of the method of cha- 
recteristics are based on the v/orks by deHaller and Sauer.
The computations in the simplest case of the isentropic 
flow in a constant area pipe, both with an open end and 
with a convergent nozzle fitted, were performed graphically. 
The boundary conditions of the flow through the valve, nozzle 
or throttle likely to be met in practice are calculated in 
some detail and the auxiliary curves for the specific case 
are plotted. The general equations giving the relationship 
between the parameters of state and position of disturbance 
when the effects of friction,heating and area change are 
taken into account, are given? and the method of their deve­
lopement indicated. The influence of the individual effects
- 6 -
on the parameters of state as calculated on the assumption of 
isentropic flow is indicated. The computations with the effe*- 
cts of friction included are based on the graphical solution 
of the method of characteristics. The method of calculations 
is not described and no specimen calculations are shown beyond 
the indication that the effects of the friction and change of 
area are obtained from auxiliary curves. The coefficient of 
friction is assumed to have a constant value irrespective 
of the velocity of flow. The value assumed is f =?0.013 the 
coefficient of friction r being defined by:
dp - 
~'dx '2D t
The conditions of the exhaust system of an engine being si­
mulated, the flow is a mixed type i.e. both compressive and 
rarefaction waves axe enowntered. The effect of the change
is taken into account
in direction of flowAby introducing into the expression in- 
eluding friction of a factor -p-fr this ensures that at no
t*v*f
point the effect of friction will be negative. The results 
of the calculations and experiment are shown in graphical 
form. Due to the short length of the test pipe (49diameters) 
there is almost no divergence between the three curves in 
the first compressive part of the flow. The deviation of the 
experimental results and the calculations with friction from 
the isentropic assumption is very noticeable in the decre­
asing pressure part of the cycle, and also in the second 
compression where the deviation reaches approximately 14$ of 
the actual pressure ratio. In the first pressure peak (pure­
ly compressive flow) the difference between the results cal­
culated 011 the assumption of isentropic flow and the obtained 
from experimental does not exceed 1.5$. There is however a cu- 
rious fact noticeable here. The pressure calculated on the
assumption of isentropic flow is lower than either the ex­
perimental or the calculated with the effects of friction 
included. In the second peak and the dip the pressure dis­
tribution is more in agreement with the expected i.e. the 
results of the isentropic calculation follow the largest 
amplitude.
Bannister and Kucklow (3) in their investigation into 
the behaviour of air released from the cylinder into long 
pipe develop the equations for the influence of friction on 
the propagation of finite amplitude waves. The influence of 
friction on the steep pressure front and the particle vel­
ocity is deduced, assuming the frictional stresses to be 
proportional to the particle velocity. The effects are dis* *. 
cussed and applied to a doubly infinite pipe (shock tube )
The assumption of the frictional forces being proportional 
to a square of the velocity of particle is then made and 
the equation giving the pressure and particle velocity chan­
ge are deduced9 and applied to the discharge of air from the 
cylinder into a long pipe of the same diameter. The investi­
gations are however concerned with the propagation of shocks 
and the behaviour of gas in front and behind the discontinu­
ity. The effects of friction are analysed in relation to the 
way in which the discontinuity will be modified. The obser­
ved wave amplitudes are compared on one of the graphs with 
the ones calculated assuming the frictional force beeing pro­
portional to the square of the velocity of particle. The ex­
perimental results are in good agreement with the calcula* 
tions when the initial pressure ratio does not exceed 2,at 
the higher values the deviation progressively increases.
Some experiments were also performed at different times 
in Germany by Lettan (23) and Schultz - Grunow (29) the for­
mer experimented with a straight pipe in which a sinusoidal
w&ves of large amplitude were induced by means of a piston 
driven through a crankshaft by an electric motor. The len­
gth of the pipe and the speed of revolutions of the crank­
shaft is arranged in such a way that the frequency of the 
ocillations is in resonance with the natural frequency of 
the pipe,in such a way the waves of a high amplitude are 
generated. The calculation by the mathod of linearised the­
ory ’ were found to be inadequate. The measured values of 
the velocity were by about 5% lower than the ones calcula­
ted on the basis of the pressure difference.
From the information available it appears that Shultz 
Grunow experimented with a similar apparatus,however no de­
tailed information could be obtained as the relevant article 
in which the results of the experiments and methods of cal­
culations are published was unobtainable.
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2*) - cription of the a ppar a tus
The apparatus on which the experiments were carried, out 
was designed for the specific purpose of the investigation 
of unsteady compressive flow by Mr.A.Madeyski as a design 
for the P.U.C. Diploma examination. The main features of the 
experimental rig are shown diagramatically in Fig.1.
A solenoid (C) made up of four sections connected in 
series and having a total of 2700 turns of copper wire pro­
duces a strong electromagnetic force which acting on the 
soft iron solenoid plunger (B) imparts to it an acceleration 
and pulls it from its starting position ”1M to the right.
The plunger which , in order to minimise the effect of eddy 
currents is sectioned longitudinally, slides along a guide 
tube (A) made of bakelite. The plunger actuates the piston 
to which it is connected by means of a long light rod (E) 
made of duraluminium tubing outside and § H inside dia­
meter. The rod- is screwed into the plungers steel end cap 
end is connected with the piston by means of a ball joint. 
The piston arrangement is shown in detail on Fig lc. The pi­
ston is fitted into the cylinder(F) 4,finternal diameter.
The moving piston forces the air through the convergent no­
zzle (K) into the test pipe (H), The piston as well as the 
rod connecting it with the plunger is made of duraluminium 
in order to have the moving masses as light as possible. The 
combined weight of piston end piston rod is 1.551b.
The heaviest of the moving pants is the plunger which 
as already mentioned is made of soft iron and weighs 4.951b. 
It is therefore extremely important to keep the friction 
between the plunger and the guiding tube to minimum. In or­
der to decrease the braking forces due to the vacuum which 
would develop behind the fast moving piston the cylinder is
FIG.Ia.- Nozzle
provided with a. number of holes drilled near the starting 
point of the cylinder and slightly behind it.
The increase of pressure is measured by means of capaci- . • 
tance pressure gauges screwed into a specially ptovided 
test holes (l) which when not in use can be stopped by su­
itable threaded plugs. The test stations of which the first 
is placed in the cylinder itself are spaced at suitable in­
tervals along first half of the test pipe, see Fig.lb. The 
pipe was initially only 15 ft. long, but due to the refle­
cted rarefaction waves which would change the purely com­
pressive pattern of flow required for experiment, it was 
decided to increase the length of the pipe to about 50 ft.
The actual total length of the three sections which consis­
ted the final test pipe was 51fllg?r of 1” internal diameter 
steel pipe.
The capacitance pressure gauge as well as the GR osci­
llograph used in the experiments were manufactured by Messrs 
Southern Instruments Ltd. The condenser’ pressure gauge is of 
the refracted diaphragm type (G 203). Although this type of 
gauge tends to introduce inacuracies when measuring pressure 
in fast flowing streams, this due to the stationary column of 
air contained in front of the diaphragm, t’he more accurate 
flush diaphragm type could not be used due to technical dif­
ficulties resulting from the small diameter of the testing 
pipe (at the time when the tests were carried out the flush 
diaphragm type condenser gauge was fitted with a two inch 
flange screwed to the test hole, fitment of a suitable ada­
ptor to the test pipe might have resulted in a serious dis­
tortion, )
In the operation of the condenser pressure gauge the . 
fact that the capacity of a condenser increases when the
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distance between the plates is diminished is utilized. The 
increase of pressure deflects the exposed diaphragm which 
constitutes one of the condenser plates changing the capa-: 
city of the condenser which forms a part of the oscillating 
circuit. This changes the natural frequency of oscillations 
of the circuit. The change is transferred through a series 
of resonant and amplifying circuits and is finally applied 
as a change in electrical potential to the plates of the C.R. 
tube. This deflects the electronic beam visible as the tu­
rn inus spot on the screen. The image of the beam'is reflec­
ted from the screen by a system of mirrors and falls on the 
strip of the photographic paper wound on the drum driven by 
a small electric motor. In order to have an indication of 
the time elapsed during the recording, a second small cat­
hode ray tube is mounted at the side of the main one. A se­
ries of pulses of known frequency (lOOOcps) is superimposed 
on the screen of this small timing tube, the distance bet­
ween the pulses giveg an indication of the time elapsed.
The oscillating circuit producing the time marks is tuning 
fork governed, and should be readjusted periodically. The 
drum camera and all the circuits together with the necea-
fo rm  a part
sary controlsAof the C.R, tube oscillograph Type ME.15D 
the photograph of which is included.
The duration of one experiment is very short, the whole of 
the piston travel being over in about 0.06 sec. It is the­
refore necessary to synchronise the revolutions of the drum 
camera with the piston movement. It is for this reason that 
the mains voltage (290v) is applied to the solenoid through 
an electromagnetic two-pole heavy duty contactor, whose 
primary circuit is operated from a push button control pro­
vided on the C.R. oscillograph camera panel. The control re­
leases the drum camera brake, switches both the main and 1
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timing beans on. The high inductance of the solenoid cau­
sed the appearance of an arc between the conductor poles 
when the current was switched off and in order to protect 
then, an additional lOOOohms resistance is connected in pa 
raljellr with the coil whose resistance is 3*94 ohms. The st 
sting circuit is represented diagram aticaly on Fig. 2.
Fig*Id - Experimental Apparatus
a - electromagnetic contactor 
b - cylinder 
c - nozzle
0Fig.le - Experimental Apparatus
a - spring buffer bousing 
b - solenoid 
c - solenoid plunger 
d - movement timing device
(bcalocfMPH
Fig, If - C,R. tube oscillograph
a - J, R, tube
b - camera panel 
c - d.R. tube panel 
d - time base panel
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43 Betermination of piston motion
Since the coil of the solenoid has a high self induc­
tance its transient period is long and the electromagnetic 
force acting on the plunger is small at the beginning of the 
stroke, the piston starts from rest very gradually with a 
small velocity which increases as the forward motion con­
tinues. It is therefore extremely difficult to determine 
with any accuracy the exact moment at which the movement of 
the piston has started*
Also due to the impracticability of taking simultane­
ous readins at all measuring stations (this would necessi­
tate the use of a nine channel C.R. oscillograph) there is 
a need of ensuiing the indication of the reproducibility of 
the piston motion , and caused by it, the pressure increase.' 
in the cylinder* This is of very great importance as all the 
calculations of the flow and state parameters along the pipe 
are ba.sed on the repetitivity of the change of pressure with 
time in the cylinder*,
The arrangement which was used for these purposes is 
shown in diagramatic form in Fig 3.
A light hollow rod (a) made of insulating material, car­
rying a number of metal contacts (b) interconnected by an 
electrical conductor is screwed on to an adaptor fixed to 
the end of the solenoid plunger (c). The rod thus fixed to 
the piston slides under aHgate" (d) rigidly screwed to the 
base of the main apparatus. The top od the "gate1 made of 
insulating material carries a pair of sharpened brass sc­
rews connected to the positive terminal of the dry battery.
When one of the screws is in contact with the solenoid 
plunger or with one of the contacts carried on the rod (a)
the electric potential of the apparatus is increased by 
the voltage of the dry battery.
If the apparatus be now connected to the plate of 
the C.R. oscillograph the luminous spot will be deflec­
ted by a corresponding amount. The resistance R of 5000 
ohms serves as a potential stabiliser when the additional 
potential is not used.
Initially while the solenoid plunger is stationary the 
screw (i) is in contact with it, this serves an additional 
purpose of fixing the starting position of the plunger and 
hence the initial force anting on the plunger is fixed.
When the plunger begins to move the contact with the screw 
(l) is lost and the trace on the record suddenly falls, this 
fixes the reference point from which all the measurements 
are taken. While the piston is in motion the contacts on 
the rod (a) touch the tip of the screw (2) on the top of the 
gate and due to the additional potential brought into play 
the trace on the record is momentarily elevated. As the dis­
tances between the contacts are known the time-distance gra­
ph of the piston motion can be plotted.
The distances between the contacts are determined by 
moving the plunger slowly and observing the screen of the C.R. 
oscillograph, at the instant when the luminous spot rises 
the movement of the plunger is stopped and the distance mo­
ved measured accurately by means of a, travelling microscope.
This procedure was repeated several times and the mean 
values determinedo
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•a) Pjessure ffauge calibration
The capacity pressure gauges of the type used in the 
experiments, have approximately a straight-linear charac­
teristics i.e. the increase of pressure acting on the mem- 
branae is accompanied by an increase in capacity, the ratio 
of the two being constant. However this is only an appro­
ximation and additionally, when the increase in capacity 
is translated into the change of potential applied to the 
Y plated of the d'.R. tube it is very probable that the cha­
racteristics of the gauge will differ from the linear. It 
is therefore necessary to recalibrate the gauge which is 
to be. used during the experiments. The arrangement desi­
gned and used for this purpose is shown on Fig.4. A piece 
of a steel pipe 5” long of 2,2-” internal diameter, with walls 
■J” thick is provided with two end coverd -J” thick the dia­
meter of tine cove-" being 1” larger than the outside dia­
meter of the pipe in order to accomodate 4 bolts by means 
of whicfe the end covers are held together. The ends of the . 
pipe are machined and provided with a groove in order to ac­
comodate two washers which make the whole box thus obtained 
air tight. Each of the covers has two threaded openings 
into one side, the pressure gauge and the connection to 
the mercury U-tube gauge are screwed in,* The other carries 
the pressure relase vent and the air pump connection. Ordi­
nary bicycle pump is used. The vessel was designed with a
very large margin of safety in order to be adaptable for
o
gauges of much larger pressure range up to 50 lb/in .
The calibtation was performed only with the pressure 
increasing,this due to the fact that the experiments are
-16-
concerned with the compressive waves and therefore the 
effects of hysteresis etc, do not come into play. The 
calibration was of the no deflection type i.,e, after the 
luminous spot is deflected by the action of the pressure 
it is brought back to the neutral point by. the manipu­
lation of the capacity dial( condenser readjustment) the 
reading of the pressure and coresponding capacity being 
each time carefully-noted.
The readings are tabulated on Table I, The calibration 
curve is plotted in graphical form in Fig. 9.
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TABI
V v e s suregauge ca.libration
T i- 'j p,'t 1 Test 2 Test 3 Test 4 Test 5
Pres Cane Pres Or-pa Pre s Oapn Pres Cep a Pres C ap a
sure ci ty sure city sure city sure city sure city
in. Hg pi' in. Hg pF in. Hg 'oF in. Hg pi in. Hg pF
1.0 1.2 0 u 6 0.6 0.8 0.7 1. 2 1. 2 1.8 l.cJ
2.3 2. 3 1.4 1.3 1.6 1.6 2.2 2. 2 2.8 2.6
3.4 3o 3 2. 6 2. 5 2.8 2.7 3. 2 3. 2 3.8 3.6
4. 4 4. 5 3. 6 3. 5 4.0 4.1 4.2 4. 3 4.8 5.9
5.4 5.6 4. 6 4. 6 6.0 6. 3 5. 2 5.3 5.8 5.9
6.6 6.8 5. 6 5.8 7.0 7.4 6.2 6.4 6.8 7.0
7.4 7.8 6.4 6.7 8.0 8, 6 7.2 7.6 7.8 8. 2
8.4 8 • 9 7.8 8. 3 9.0 9.8 8. 2 8.7 8.8 9.3
9. 4 10. 3 8. 6 9.3 10.0 11.1 9. 2 10.0 9.8 10. 7
10.6 11. 6 9.2 10.1 11.0 12. 5 10. 3 11. 5 10.8 12.0
11.4 12. 7 10.4 11. 5 12.0 13.6 11. 2 12. 5 11.8 13.2
12.9 14. 5 11. 6 13.0 13.0 14. 7 12. 2 13. 7 12.8 11, 3
13.8 15.3 12.6 14.3 14. 2 15.9 13. 2 14.8 13.4 15.0
15.6 17. 4 14.0 15.7 15.0 16.8 14.4 16. 2 13.8 15. 5
16.8 18.4 15.4 17. 2 16.0 17.8 15. 2 17.0 14.8 16. 4
18.0 19. 6 17.0 18.7 17.0
18.0
18.8
18.8
16. 2 
17.2
18.0
18.9
15.8
16.6
17.6
17. 5
18, 2 
19.1
Test 6 Test 7 Test 8 Test 9 Test 10
Pres G ap r. Pres Caps Pr e s Caps. Pres G ap a Pres G ap a.
sure city sure city sure city sure city sure city
in. Hg pF in, Hg pF in. Hg" pF in. Hg pt' in, Hg pF
1.4 1. 3 2.0 1.9 1. 4 1. 2 1. 2 .0*9 1.1 0.9
2.0 1.9 4.0 3.8 2.2 2.0 2.4 2. 2 2.1 1.9
2.9 2.7 5.4 5.4 3.4 3.2 3. 6 3.4 3.7 3.6
4.1 4.1 6. 3 7.5 5.0 5. 0 5. 2 5.1 4 o 4 4. 3
4.7 4.7 9.4 10. 3 6, 4 6. 5 7.2 7.4 5. 2 5.1
6, 6 6.7 11.0 12.3 7.1 7.4 8.3 8.8 6.1 6.1
7.4 7.6 12. 2 13.7 8.1 8.8 9.4 10.4 7.1 7.3
8.7 9. 2 12.9 14. 5 10. 2 11.1 10.8 11.8 8.0 8. 5
10.4 11.4 13. 5 15.0 11.9 13. 2 12.0 13. 3 9.2 9.8
11.4 13.0 14.4 16.0 12.8 14. 5 13.0 14.6 10.2 11,0
12.6 14.1 16.1 17.6 14.1 15.9 14.2 15.6 11. 3 12. 4
13.2 14. 7 17.6 19.0 15.4 17.3 15. 2 16.9 12. 5 13.8
14.1 15.8 17.7 19. 2 16. 3 18.0 16. 3 18.1 13.4 14.9
14.9 16.5 17.1 18.8 17.1 18.8 14. 5 16. 2
15,7 17.5 18. 2 19.6 18.0 19.4 15.2 16.8
16. 5 18.1 16, 2 17.8
b ) Preliminary experiments
Before the actual tests were carried out a number of 
preliminary experiments were performed. The object of 
these is to check on the reproducibility of the piston 
movement, pressure increase in the cylinder of the appa­
ratus and the influence of additional factors previously 
not taken into consideration both on the piston movement 
and functioning of the^  apparatus. It is found that the 
pressure increase in the cylindef is the same for the 
same piston motion curve, and this depends on the state 
of lubrication of the moving parts and the voltage app­
lied to the solenoid. The curve becoming better defined 
(steeper) with the increa.se in voltage. This is easy to 
understand if one remembers that the force developed by 
the solenoid is proportional to the current, and this, 
the resistance being constant to the voltage applied.
At 290 volts which was the maximum voltage which the B.C. 
Generator was able to supply the current through the 
coil was 73.6 Amps, which gave the maximum calculated 
pulling force equal to 2401bs. and maximum acceleration 
of the piston 36.9 g. The piston movement curve is found 
to vary considerably with a very small change in voltage. 
The starting position of the plunger is found to have a 
certain influence on the piston movement, this however 
can not be changed extensively due to the fact that alt­
hough the pressure curve becomes steeper when the star­
ting position of the plunger is moved nearer to the so­
lenoid, the ultimate pressure reached, is smaller due* to 
the decreased piston travel. It is found that the ad- 
justement of the contacts on the piston movement indi­
cating arrangement,is critical the contacts must be flush
with the insulation of the rod, if the contacts protru­
de to much this results in a serious braking of the pi­
ston and the movement curve is distorted.
It is found to be advisable to make a, scale of capa­
city on each of the recordings before the test is made, 
this must be performed with the piston movement timing 
circuit disconnected.
The pressure-time relationship in the cylinder is 
fount after plotting the values of several of the reco­
rds and evaluating a graphical mean to be of the type :
P'~Pa+ Paratn
where p- pressure ,t~time and m and n an empirical con­
stants. The values of the constants were found by plo­
tting the mean curve in the logarithmic coordinates
n - 2. 7 m*871sec“n
The validity of the assumption of the isentropic flow 
through the nozzle was then checked. Assuming the pre­
ssure in the cylinder to be equal to stagnation condi­
tions, the assumption justified by the fact, that the 
cylinder test station is placed in front of the moving 
piston corresponding pressure at the exit from the noz­
zle was calculated on the assumption of isentropic flow 
and compared with the values obtained from experiment, at 
Test station No 1 (see Fig 12). It was found that the po­
ints obtained by calculation fall well within the experi­
mental range thus confirming the validity if the assumption.
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TABLE II
Pressure increase - time relationship 
in the cylinder 
expressed in logerithwic coordinates.
■ Pres­ Time • log-JT log t
sure secs
Patio t
jr
0,1000 0. 0346 -1.0000 -1.4 564
0.1300 0.0383 -0.6861 -1.4166
0.1400 0.0394 -0.8539 -1.4045
0.1500 0.0404 -0.82 39 -1.3935
0.1750 0.042 7 -0.7570 -1.3691
0.2000 0.0449 -0.6990 -1.3478
0.2250 0.0469 -0.6 476 -1.3266
0.2500 0.0487 -0.6021 -1.3125
0.2750 0.0504 -0.5607 -1.2975
0.3000 0.0520 -0.5229 -1.2840
0.3500 0 . 0 5  51 -0.4 559 -1.2569
0.4000 0.0560 -0.3979 -1.2366
0.4500 0.0607 -0.3466 -1.2163
0.5000 0.0631 -0.3010 -1.2000
0.5500 0.0655 -0.2596 -1.1838
0.0000 0,0676 -0.2219 -1.1701
0.02 50 0.0687 -0.2041 -1.1630
6 ) Expe r im en t al results
In the ideal case all the recordings should be rne.de 
simultaneously, if this were possible only one test at 
each test station would be necessary. Due to the tech­
nical difficulties mentioned earlier this was impossi­
ble and a number of tests v/ere made at each station.
Two conflicting requirements have to be met, on one 
hand in order to obtain a good mean value a grea/t number 
of tests has to be made, on the other in order to have 
constant conditions the total time of all the experi­
ments has to be kept to the minimum. The variations in 
the conditions of the apparatus ( state of lubrication, 
slight variations in the generator voltage etc) are not 
as important as the atmospheric conditions of temperature 
and pressure. Of the two, the temperature is more impo­
rtant due to the influence it has on the value of the 
velocity of sound which plays a very important part in 
the subsequent calculations. Due however to the fact 
that the laboratory in which the experiments were car­
ried out is situated in the basement, the temperature 
is resonably independent from the outside influence.
The maxmimum variation observed was 1°F. This would in­
troduce an error of the order of iQDQ%> into the value 
of the velocity of sound which is obviously negligible. 
The variation in the atmospheric pressure is not impo­
rtant due to the fact that the pressure ratio is used 
throughout the calculations and as long as the barome­
tric pressure is noted and used in calculation of the ra­
tio its actual value does not influence the results.
With the exeption of the cylinder, where twenty re-
cordings were made, twelve recordings were obtained at 
each test station* Of these only those on which the pis­
ton movement timing marks are within 1 msec* off the mean 
obtained from the cylinder records, are used for compari­
son purposes* The readings obtained from the experimental 
recordings are shown in tabular form on Table IV (Experi­
mental Results) and plotted on graphs (Figs 11-19 ).
The relationship between pressure and time in the cy­
linder of the apparatus is dependant on the displacement 
time curve of the piston. As determined during the pre-• 
liminary experiments two main factors influencing the 
shape of the piston movement curve are the voltage app­
lied to the solenoid and starting position of the plunger. 
The voltage applied to the solenoid was the maximum which 
the generator could develop, and the position of the plu­
nger was adjusted so as to give the greatest possible max­
imum pressure. It was therefore decided to limit the ex­
periments to the piston displacement curve thus obtained 
(Fig 10 ). The results obtained by employing either a lo­
wer voltage or differ&nt starting position of the plunger 
would lie within the region already covered .
From the inspection of the specimen recordings inclu­
ded it can be noticed that they were interpreted at the 
intersections of the trace with the calibration lines ma­
de at 2pF intervals ^nd also at a suitable points between 
the lines in order to have as full an experimental curve 
for each of the test stations as practicable.
In the cylinder the maximum pressure reached is out­
side the range of the pressure gauge, the trace reaches 
the extrapolated value of 22,3 pF which would correspond 
to the pressure ratio of approximately 1.75. As expected 
from the shape of the piston displacement curve the pressure
increases very slowly at first, the rate of increase be- 
coning gradually greater*, Before reaching the maximum va­
lue of pressure the rate of increase suddenly drops, this 
is due to the action of the spring buffer which stops the 
piston on a very short distance. Records taken from the 
tests stations along the pipe follow the same general pa­
ttern. The maximum pressure ratio reached by the gas at 
the outlet from the nozzle was found to be 1.636 which 
would correspond to the isentropic Mach number of 0.35*
In the idealised flow case the same pressure would be re­
ached all along the tube, however it can be immediately 
noticed that the maximum reached decrease with the dis­
tance of the test station from the nozzle outlet. At the 
station 240 diameters of the pipe distant from the nozzle 
the maximum ratio reached is 1.455.Further it can be no­
ticed that although the time taken from the instant of 
the beginning of piston motion to the maximum reached by 
the trace increases with the distance along the pipe, the 
actual time taken by the pressure to reach the respective 
maxima diminishes,the time taken for the pressure to start 
rising being increasingly large, The records taken at test 
stations No’s 7&8 show a momentary decrease in the rate 
of the pressure change long before the maximum is reached, 
this could be atributed to the rarefaction wave, genera­
ted at the outlet from the test pipe and propagated 
towards the nozzle. This supposition was confirmed by sub­
sequent calculations
In the recordings taken at stations 3-6 the trace 
representing the pressure variation with time vibrates. 
This could be attributed to the vibrations of the sta­
tionary column of air trapped in front of the diaphragm.
-24-
The frequency of the vibrations whxfeb is reasonably con­
stant and the sane on all the: records-* is in the' neighbou­
rhood of 4TOOcps9 the natural, frequency of the air col­
umn entrapped in the diaphragm channel, is of the order 
of 4400cps or its harmonic. The last figure relates to 
the free vibrations of the air column, however there is 
a possibility that due to the particular value of the 
rate of change of pressure with time the diaphragm it­
self begun vibraiting with the frequency equal to the ne^ - 
tural frequency of the free column. The fact that the 
vibrations died out after a very short time interval se­
ems to point to the second cause as the main reason for 
their apperanee# The suprjosition could not be checked 
as the value of the natural frequency of the vibrations 
of the diaphragm of the pressure gauge could not be ob­
tained.,
The timing marks appear on the recordings in the sh­
ape of short breaks in the continous trace and correspo­
nding elevated intervals. The starting point of the pis­
ton is indicated by the drop in the initial straight pa­
rt of the trace. Jt will be noticed that in a large part 
of the recordings the starting point of the piston ,used 
as a reference from which all measurements of time were 
performed, falls between the time base impulses. The dis­
tance between two. ipphlses represents 1 milisecond, thus 
a corresponding correction expressed as a fraction of 
this time interval had to be applied to all measurements 
on recordings of this type®
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TABLE III
PetenT'i]2§'ii2.IL.2..£ 2.2ston mqti on
Relationship between time in secs 
and Distance moved by the piston 
in ram.
Record
No Distance m o v e d in nr.).
il 
i—i 
| 
KA 
\ 
* 
I 
r- 
1J
12. 21 17. 21 22,44 27.39 32.61
J Ay-l. n e an • .0402 .0490 . 0560 .0625 . 0687
' 1-7 .0490 . 0556 . 0624 .0687
1-2 .0403 .0469 .0561 .0626 .0692 . 0759
1-3 ’ .0403 « 0489 .0 626 .0688
1-9 o 0406 .0494 .0566 .0628 .0694
2-4 . 0396 .0483 .0617 . 0679 .0751
2-5 .0401 . 0487 .. . 0620 .0681 .0753
2-7 • .0397 .0482 . 0553 .0616 .0677 .0748
2-2 . 0399 o 0484 . 0620 .0681 .0754
3-12 . 0399 . 0 4 8 5 . 0556 .0621 . 068 7
3-1 .0400 .0486 . 0558 ,0621 ..
3-7. ,0401 . 0487 . 0559 .0622 .0755
3-11 ,0397 .0464 , 0 0 5 0 .0619 .068 5
4-7. .0304 . 0469 . 062 2 .0684 ..
4-5. o o ro .0488 . 0559 ,0625 .0697
3-12 .040 4 . 0490 . 0562 ,0627 .0695
4-8 • .0398 r, 0485 . 0556 .0620 .0688
5-7' .0398 .0490 . 0561 . 0625
5-8» .0404 .0492 .0563 .0627 .0760
5-3' .0403 .0489 ,0623 , 0686 .0758
5-1.. .0405 .0491 .0627 .0759
6-2 .0402 .0488 . 0560 .0623 .0686
6-5 .0398 .0484 .0557 .0620 .0684 .0756
6-3: .040 5 .0491 . 0563 . 0 6 2 6 .0688
6-4 • 0 3 9 3 . 0479 . 0562 .0615 .0748
7-4 o 0403 . 0490 .0561 .0624 • 0684
7-53 .0 397 .0484 . 0555 .0618
7 - 6 1 . 0403 .0490 . 0560 .0623 .0683
7-7 . 0400 .0487 . 0558 .0621 .0683 ..
R — ^ .0403 . 0491 , 0 562 .0625
8-4 .0404 . 0490 .0 562 . 062 5
8-6 .0401 . 0488 . 0560 .0623
8-13 .0405 .0492 , 0563 . 0626
CYLINDER Test 1
P -30*06 in.Kg. Q -70°F, a a
Capacity Gauge Pressure Time
pF in. Hg. Ratio secs.
2. 00 2. 20 ,0732 .0313
2*76 2,97 .0988 .0347
4. 00 4.10 ,1354 . 0395
5,16 5.12 ,1703 .0427
6*00 5.85 ,1946 .0449
7. 31 7.01 . 2332 .0477
8,00 7.60 o 2528 .0492
9. 38 8.74 . 2907 .0517
10.00 9. 25 , 3077 ,0529
11.06 10.12 c 3367 .0547
12,00 10* 90 . 36 26 .0560
13,00 11, 70 .389 2 .0577
14*00 12. 54 .4172 .0593
14,90 13.30 . 4424 .0607
16.00 14.30 , 4757 * 0624
I6.8p 15,05 . 500 7 .0637
18.00 16.30 . 5422 . 0657
CYLINDER Test 3
' -30,06 in. Hg„ & -70°:O 0.a a
Capacity Gauge Pressure Time
pF in,Hg. Ratio secs.
2.00 2, 20 .0732 ,0320
4.00 4.10 .1364 «0397
4.76 4.76 .1583 .0420
6,00 5.85 ,1946 ,0451
6.78 6. 53 . 2172 .0470
8,00 7,60 , 2528 ,0496
8.78 8, 23 . 2738 ,0510
10,00 9, 25 , 3077 ,0532
11.10 10.16 . 3380 . 0550
12,00 10.90 , 3626 .0564
13.00 11.70 . 389 2 .0580
14 c 00 12. 54 .4172 .0596
14,90 13. 30 . 4424 .0510
16,00 14.30 . 4757 .0628
16,71 14.97 » 4980 .0640
18.00 16.30 • 54 22 .0660
19.17 17.66 . 5875 ,0680
20.00 18.75 . 6237 .0694
CYLINDER Test 2
P -30.06 in.Hg. © ~70°F.a c a
Capacity Gauge Pressure Time
pF in, Hg. Ratio secs.
2,00 2, 20 .0732 .0312
2.86 3,05 .1015 .0350
4.00 4,10 ,1364 ,0391
6,00 5c 85 .1946 .0442
7.07 6.79 . 2259 .0470
8,00 7 • 60 . 2528 .0488
8, 69 8.16 ,2715 .0500
10. 00 9,25 o 3077 ,0 524
11, 00 10,08 , 3353 .0540
12, 00 10.90 . 3636 .0558
14. 00 12. 54 . 4172 ,0590
15. 53 13.66 » 4544 .0510
16» 00 14.30 . 4757 ,0622
17. 00 15.34 . 50 70 .0640
13 o00 16. 30 . 5422 . 0660
18, 80 17,20 . 5722 ,0680
20.00 18.75 . 6237 .0719
CYLINDER Test 4
-30,06a in. Hg. ©
i -j o o F.
Capacity Gauge Pressure Time
pF in. Hg. Ratio secs.
2e 00 2. 20 .0732 ,0315
3,36 3.50 *1164 .0371
4.00 4,10 .1364 .0395
5c 28 5. 22 .1736 .0431
6.00 5.85 .1946 .0450
6.93 6.76 . 2249 .0471
8.00 7.60 o 2528 .0492
8,48 7.98 . 2655 .0501
10.00 9.25 . 3077 .0528
10. 77 9.88 . 3287 .0541
12.00 10.90 . 3626 ,0561
12. 58 11.38 . 3786 .0571
14,00 12. 54 .4172 .0594
14.48 12.92 . 4398 ,0601
16.00 14. 30 . 4757 .0624
17.04 15, 29 . 5086 .0641
18,00 16.30 . 5422 .0658
20,00 28.75 . 6237 .0692
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CYLINDER Test 5
P -30.06 in* Kg, 0- ~70°F, ‘ a ‘ a
Capacity Gauge Pressure Time
pF in, Hg, Ratio secs.
2.00 2. 20 .0732. .0314
4.00 4.10 .1364 ,0392
5.00 4,99 .1660 .0419
6.00 5.85 .1946 .0446
7.47 7.14 , 2375 .0479
8,00 7. 60 . 2528 .0489
8,90 8.34 . 2774 .0509
10.00 9.25 . 3077 .0526
11.42 10. 4 2 . 3466 .0549
12.00 10.90 , 3626 .0559
13. 26 11.91 . 3962 .0579
14.00 12. 54 ,4172 .0591
15.29 13.64 . 4538 .0609
16.00 14. 30 . 4757 .0621
18.00 16. 30 , 5422 ,0655
20.00 18.75 . 6237 .0688
CYLINDER Test 6
P -29, 65 i n . 9 -69°F.a - a
Capacity Gauge Pressure Time
pF in,, Hg. Ratio sees-.-
2.00 2. 20 .0742 .0312
4,00 4.10 .1383 .0389
6,00 5.85 .1973 .0443
6.75 6. 50 . 2192 .0460
8.00 7,60 . 2563 ,0486
8. 71 8.18 . 2759 .0500
10c 00 9. 25 .3120 ,0523
11,13 10.18 . 3433 .0540
12.00 10.90 . 3676 .0553
13.00 11, 70 . 3946 .0570
14.00 12. 54 . 4229 .0584
15.07 13.44 . 4533 o 0600
16,00 14.30 . 4823 .0616
16,88 15.12 . 5099 .0630
18,00 16. 30 . 5498 .0650
20.00 18.75 . 6324 .0681
CYLINDER Test 7
P »*29. 6 5 In,.Eg. © - a a 69°F.
Capacity Gauge Pressure Time
CYLINDER
P -29, 6 5 in.Hg.
8,
Test 8 
69UFO-na
Capacity Gauge Pressure Time
pF in. Eg. Ra.io secs. pF in. Hg. Ratio secs.
2.00 2, 20 ,0742 .0309 2.00 2. 20 .0742 .0308
4.00 4.10 ,1383 . 039 2 4.00 4.10 ,1383 . 0388
6,00 5c 85 .1973 ♦ 044 6 6.00 5.85 .1973 . 0443
7.12 6.82 .2300 .0471 7-19 6.89 . 2324 .0470
8,00 7=60 , 2563 .0490 8.00 7.60 . 2563 .0487
9.12 8. 52 . 2873 .0510 8.77 8. 21 . 2769 .0500
10.00 9.25 .3120 ,0525 10.00 9. 25 ,3120 .0523
11.55 10. 51 . 3545 .0550 11.10 10.16 . 3427 . 0540
12.00 10.90 . 3676 .0558 12.00 10.90 . 3676 ,0556
13. 50 12.10 . 4081 .0581 12.97 11, 68 . 3939 ,0570
14.00 12.54 . 4229 .0588 14.00 12. 54 . 4229 .0586
15,47 13.80 , 4654 .0610 14.93 13.32 . 4492 .0600
16.00 14.30 . 4823 ,0619 16.00 14.30 .4823 .0617
17.35 15.60 . 5261 ,0640 16.84 15.08 . 5086 . 0630
18,00 16,30 « 5 4 9 8 .0651 18.00 16. 30 . 5498 .0649
19.16 17.65 . 5953 , 0670 18. 71 17.10 . 5767 ,0660
20.00 18.75 c 6324 ,0685 20.00 18.75 .6324 • 0683
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GYLINDSR Test 3
P -29.6 5 0 -69°F.a a
Capacity Gauge Pressure Time
pF in, Hg, Ratio secs.
2 , 0 0 2 . 2 0 ,074 2 .0311
4.00 4.10 ,1383 . 0392
4.75 4.75 , 1 6 0 2 .0416
6 . 0 0 5.85 .1973 .0446
7o 25 6.95 . 2344 .0476
8 . 0 0 7,60 . 2563 .0491
8,75 8 . 2 0 . 2766 . 0506
1 0 . 0 0 9.25 .3120 .0528
1 1 . 0 6 1 0 , 1 2 .3413 .0546
1 2 . 0 0 10.90 . 3676 .0560
13.00 11,70 . 3946 <0576
14. 0 0 12.54 . 4229 .0592
14.83 13.23 . 4462 , 0 6 0 6
1 6 . 0 0 14.30 .4823 . 0 6 2 1
17.45 15.70 . 5295 ® 0646
18.00 16.30 * 5498 <0655
19.33 17.84 .6017 .0676
2 0 . 0 0 18.75 . 6324 ,0690
CYLINDER Test 10
P -29* 70 in0 Hg, 9 -69°F.a. c a
Capacity Gauge Pressure Time
pF in.Hg. Ratio secs.
2 . 0 0 2 . 2 0 .0741 ,0313
3,43 3. 58 .1205 .0372
4,00 4.10 .1380 « 0390
5. 5 2 5.43 ,1828 ,0433
6 . 0 0 5.85 .1970 .0443
8 , 0 0 7.60 . 2559 . 0486
9.44 8.78 . 2956 ,0513
1 0 . 0 0 9.25 . 3114 .0523
11.25 10. 25 . 34 51 .0543
1 2 , 0 0 10,90 . 3670 ,0555
13,2.5 11.90 .4007 .0573
14.00 12. 54 . 4222 . 0586
15.13 13.49 . 4542 „ 0603
1 6 . 0 0 14.30 .4815 .0617
17.74 15.99 • 5384 .0643
18.00 1 6 .30 , 5488 . 0 6 4 8
19,55 18, 2 0 . 6 1 2 8 .0673
2 0 . 0 0 18.75 .6313 , 0 6 8 2
CYLINDER Test 11
P -29„7Q in.Hg. © ~69°F,a  ^ a
Capacity Gauge Pressure Time
pF in,, Hg, Patio secs,
2 , 0 0 2 , 2 0 .0741 .0312
3,29 3.43 .1155 .0368
4.00 4.10 .1380 .0391
5,24 5. 20 .1751 .0428
6 . 0 0 5.85 .1970 .0446
7.00 6,73 . 2266 .0468
8 . 0 0 7. 6 0 . 2559 .0489
6,95 8.38 . 2821 .0508
1 0 , 0 0 9.25 .3114 . 0 5 2 6
1 0 , 71 9.82 . 3306 .0538
1 2 . 0 0 10.90 . 3670 .0558
12. 67 11.44 .3852 .0568
14,00 12.54 • 4 22 2 .0590
14,54 13.00 .4377 .0598
1 6 . 0 0 14.30 • 4815 ,0619
17.10 15.36 .5172 ,0638
18,00 16.30 . 5488 .0650
2 0 . 0 0 18.75 .6313 . 0 6 8 6
CYLINDER Test 12
P -29. 70 in.Hg. © ~69°F.a a
Capacity Gauge Pressure Time
pF in. Hg. Ratio secs.
2 . 0 0 2 . 2 0 e 0741 .0321
4.00 4.10 .1380 .0398
5.00 4.99 .1680 .0425
6 , 0 0 5.85 .1970 .0452
6 . 6 0 6 . 40 .2155 .0464
8 . 0 0 7.60 , 2559 .0495
8 . 6 0 8 , 08 . 2720 .0505
1 0 . 0 0 9.25 0 3114 ,0531
10.32 9.52 ,3205 .0535
1 2 . 0 0 10.90 . 3670 .0563
13.29 11.94 .4020 ,0585
14.00 1 2 . 54 .4222 .0595
15.31 13.65 , 4596 .0615
16.00 14.30 .4815 .0625
17.20 15.44 .5199 ,0645
18.00 16.30 . 5488 .0658
19.60 18.25 ,6145 .0685
2 0 . 0 0 18.75 .6313 .0690
CIL ]RIDER Test 13
'-29-
-29*70 iru Hg,, 0 -69°i’„
parity Gauge P
El
ressure Time
pF in.Hg. Ratio secs.
2,00 2. 20 • 0741 .0313
4,00 4* 10 .1380 ,0393
4, 60 4,60 c-1549 .0410
6,00' 5.85 »1970 .0450
7,00 6C 73 c 2266 .0470
8.00 7, 60 . 2559 .0490
9,0 0 8.42 « 2835 .0510
10.00 9, 25 .3114 .0527
10.80 9.90 . 3333 .0540
12,00 10.90 . 3670 ,0560
12. 73 11.50 • 3872 .0570
14.00 12.54 . 4222 .0592
14. 57 13. 02 .4384 .0600
16.00 14. 30 .4815 .0622
17.07 13,32 . 5158 «0640
18,00 16.30 . 5488 ,0654
18,93 17.36 « 584 5 .06 70
20,00 18.75 .6313 e 0688
CYLINDER Test 15
-29.70 in. Hg. 8 -69°F.a
Capacity Gauge Pressure Time
pF in. Hg, Ra bio sec Si.
2.00 2. 20 .0741 ,0323
2.57 2.77 . 0933 .0345
4.00 4.10 ,1380 .0394
6,00 5c 85 .1970 .0446
7.38 7,06 . 2377 ,0475
8.00 7,60 . 2559 ,0487
9. 50 8.84 , 2976 .0515
10* 00 9r. 25 . 3114 .0524
11. t2 10,42 . 3508 .0545
12.00 10.90 . 3670 ,0555
13,29 11.94 . 4020 .0575
14,00 12.54 . 4222 • 0585
15.33 13,67 .4603 .0605
17,16 13,40 . 5185 .0635
18.00 16.30 * 5488 o 0648
19.00 17. 4 5 . 5875 • 0665
20. 00 18.75 « cj'i ■_i • 0683
CYLI
-29,70
opacity
MDER Test 14 
in.Hg. 0 ~69°F.Qj
Gauge Pressure Time
pF in. Hg. Ratio secs.
2.00 2. 20 .0741 .0314
3,10 3, 27 .1101 .0359
4.00 4.10 .1380 ,0389
6, 00 5.85 ,1970 ,0449
6.90 6.64 , 2236 ,0469
8,00 7,60 , 2559 • 0492
8.94 8. 36 .2815 «0 509
10.00 9. 25 , 3114 ,0 52.8
10.67 9.80 .3300 .0539
12.00 10.90 . 3670 ,0560
13,20 11.86 . 3993 ,0579
14.00 12. 54 . 4222 9 0591
15.07 13. 46 . 4532 , 0609
16.00 14.30 .4815 ,0622
17.00 15. 26 . 5138 . 0639
18. 00 16,30 . 5488 ,06 56
18.90 17.31 . 5828 • 06 69
20,00 18.75 .6313 ,0688
CYLINDER Test 16 
-29,70 in.Hg, 6 -69°F,L El
ipacity Gauge Pressure Time
pF in.Hg. Ratio secs.
2.00 2. 20 .0741 .0318
2.86 3.05 .1027 .0356
4.00 4.10 ,1380 .0394
6.00 5.85 .1970 .0450
7. 20 6.90 . 2323 .0476
8,00 7.60 * 2559 .0493
9.12 8. 52 . 2869 .0516
10.00 9.25 .3114 • 0331
10.88 9.97 . 3357 .0546
12.00 10.90 . 3670 .0564
12.75 11. 50 . 3872 .0576
14.00 12. 54 . 4222 .0596
14„ 64 13.08 » 4404 . 0606
17.10 15.36 .5172 • 0646
18.00 16.30 . 5488 ,0661
19,00 17.45 . 5875 . 0676
20,00 18.75 ,6313 .0693
■30
CYLINDER Test 17
p -29.70 indigo © ~69°F, a a
Capacity Gauge Pressure Time
pF in.Hg, RpYLo secs.
2.00 2. 20 .0741 . 0313
2 P 8o 3.05 . 10 27 .0350
4.00 4.10 ,1380 .0390
5.03 5,02 .1690 .0420
6p 00 5o 85 ,1970 c 0443
6. SO 6, 55 o 2205 ,0460
8.00 7« 60 o 2559 .0486
10.00 9,25 o 3114 .0522
10. 52 9.68 . 3259 ,0530
12*00 10*90 . 3670 ,0554
13.07 11.77 » 3963 ,0570
14.00 12. 54 . 4222 • 0584
15.13 13,49 , 4542 ,0 600
16. 00 14.30 .4815 » 0615
17,13 15, 38 .5178 ,0630
18.00 16.30 . 5488 ,0648
18.67 17,02 , 5731 ,0660
20.00 18.75 .6313 ,0693
CYLINDER Test 18
-29.70 in, Hg, 0 -69°F.a
pacity Gauge Pressure Time
' p.F in, Hg, Ratio sees,,
2. 00 2S 20 ,0741 o 0320
4,00 4.10 o 1380 o 0 5 9 4
5.02 5* 01 ,1687 .0426
6, 00 5.85 .1970 ,04 52
6. 58 6,37 ,2145 o 0 4 6 6
8.00 7.60 , 2559 .0493
8,62 8,09 , 2724 ,0 506
10. 00 9.25 . 3114 , 0531
10,40 9.58 o 3226 .,0 536
12.00 10.90 , 3670 ,0561
12.89 11,61 . 3909 . 0576
14.00 12, 54 , 4222 o 0593
14.88 13.28 , 4471 , 0606
16.00 14.30 .4815 ,0624
16,71 14.98 , 5044 • 0636
18.00 16, 30 . 5488 , 0657
18.53 16,88 . 5683 , 0666
20.00 18.75 ,6313 ,0690
CYLINDER Test 19
P -29*50 in*Eg, 9 ~69°P. a a
Capacity Gauge pressure Time
pF in, Hg, Rat io s e: s .
2,00 2.20 .0743. ,0322
4,00 4*10 ,1360 .0400
5.00 4.99 ,1680 .0430
6,00 5.85 , 1970 ,0455
6.67 6, 46 o 2175 ,0470
8.00 7.60 , 2559 , 0497
9,16 8,56 , 2882 .0520
10, 00 9. 25 . 3114 .0534
10,90 9. 98 o 3360 ,0550
12,00 10,90 • 3570 ,0566
12.84 11. 58 .3899 .0589
14,00 12, 54 , 4222 v 0597
14 o 86 13. 26 , 4465 .0610
16,00 14,30 .4815 ,0628
16,80 15.04 , 5061 o 0640
18, GO 16, 30 0 5488 .0660
19.17 17.67 , 5949 .0680
«00 18.75 .6313 ,0694
STA; 
-29.96i
TION 1 
in. Hg,
Test _l
9 -69°F8.
-31-
>
8 TAT
P -29.96a
'ION 1 
in, Hg.
Test 2 
8 -59°F9
ipaoity Gauge Pres sure Time Capacity Gauge Pressure Time
pT‘ in. Hg, Ratio secs. pi1' in,, Hg, Ratio sec s.
2,00 2.20 .0734 . 0 323 2,00 2, 20 ,0 /34 ,0317
2,83 3.03 .1011 • 0360 3.00 3.17 ,1058 .0362
4.00 4,10 .1368 . 0408 4.00 4.10 .1368 ,0395
5.18 5.14 .1716 .0440 4.45 4.49 ,1499 .0412
6.00 5.85 .1953 ,0463 6.00 5.85 .1953 . 0455
7.11 6.80 . 2270 .0490 6.33 6,13 . 2046 .0462
8c 00 7. 60 . 2537 ,0510 8,00 7.60 . 2537 .0505
8,94 8.35 , 2787 .0530 8. 40 7.90 • 2637 .0512
10.00 9.2.5 . 3087 ,0550 10 e 00 9, 25 . 3087 , 0546
11,10 10.16 . 3391 .0570 10, 44 9.60 .3204 .0552
12,00 10,90 . 3638 o 0 588 12.00 10.90 , 3638 .0581
13. 29 11.94 . 3985 c 0610 12. 71 11.45 , 3822 ,0592
14.00 12. 54 .4186 .0623 14.00 12. 54 *, 4186 .0616
15.00 13.40 . 4473 .0640 14.47 12.91 » 4309 . 0622
16.00 14.30 . 4773 .0657 16,00 14. 30 . 4773 .0649
17- 23 15.44 o 5153 • 0680 .16,71 15.03 . 5017 .0662
18,00 16.30 . 5441 ,0696 18.00 16,30 . 5441 .0687
20, 20 19.00 . 6342 ,0770 20. 25 19.05 . 6358 .0752
STATION 1 
-29.96 in.Hg.
Test 3 
Q ~69°Fcl m
STATION 1
P -29, 96 in.Hg. 
a
Test 4
8 -69°Ia #
ipaci ty Gauge Pressure Time Capacity Gauge Pressure Time
~pF . Jn. Hg, Ratio secs. pF in. Hg. Ratio secs.
2® 00 2. 20 .0734 .033 0 2,00 2. 20 a 0734 ,0323
2.40 2. 59 ,0864 .0349 3.00 3.17 ,1058 , 0367
4,00 4.10 .1368 ,0412. 4.00 4.10 .1368 .0401
4, 58 4, 58 .1529 .0427 5.07 5.04 .1682 .0437
6,00 5.85 .1953 .0470 6,00 5.85 .1953 .0461
6tf 90 6,62 . 2210 .0489 7.53 7,18 . 2396 .0497
S. 00 7,60 . 2537 .0515 8,00 7.60 . 2537 .0507
9.13 8. 53 . 2847 .0539 8.93 8. 36 . 2790 .0527
10.00 9.25 . 3087 .0556 10,00 9. 25 .3087 . 0550
11.18 10. 21 .3515 .0569 11.00 10.08 . 3364 .0567
12.00 10.90 . 3638 .0593 12.00 10,90 . 3638 .0585
12*90 11.62 , 3878 .0609 13,33 11.98 . 3999 .0607
14. 00 12. 54 . 4186 ,06 27 14.00 12. 54 .4186 .0619
15.38 13.70 . 4573 .0649 14.95 13.35 . 4456 .0637
16,00 14, 30 , 4773 . 0660 16, 00 14.30 . 4773 .0653
17, 53 15.78 » 5267 .0689 16.67 14,90 . 4973 .0667
1 Bo GO 16. 30 . 5441 . 0698 18.00 16. 30 . 5441 .0693
20. 27 19.07 .6365 .0769 20. 20 19.00 . 6342 .0767
- 32-
STATION 31 Test 5 STATION 1 Test 6
-29.96i in. Hg. © -69°ia P -29.915a in. Hg. © -69°Ia h
opacity Gauge Pressure Time Capacity Gaugd. Pressure Time
PF iruHg. Ratio secs. pt1* in. Hg, Ratio secs.
2.00 2. 20 . 0734 .0316 2.00 2. 2.0 .0735 .0325
2.71 2.90 . 0968 .0349 2.67 2.86 .0956 .0354
4.00 4.10 .1368 .0399 4.00 4.10 .1370 .0404
5# 00 4.99 .1666 .0429 5.73 5.60 .1872 ,0454
6.00 5.85 .1953 .0457 6.00 5.85 .1955 .0462
7.00 6.70 . 2236 .0479 7.00 6.70 . 2240 .0484
8.00 7.60 . 2537 .0503 8.00 7.60 . 2540 .0510
8.71 8.15 . 2720 .0519 8.81 8, 23 . 2751 .0524
10.00 9.25 .3087 .0546 10.00 9.25 . 3092 . 0550
10.84 9.92 .3318 . 0559 11.39 10.39 . 3473 .0574
12.00 10.90 . 3638 .0581 12.00 10.90 . 3644 .0584
12.98 11.69 .3.902 .0599 13.13 11.80 . 3944 .0604
14.00 12.54 .4186 .0620 14.00 12. 54 .4192 .0620
14.87 13. 27 . 4436 .0634
16.00 14.30 .4780 .0654
O m rjiION 1 Test 7 STATION 1 Test 8
-29.915 in. Hg. Q -69°I P -29.915 in.Hff. © -69°3? •i a a a
ip ac i ty
PhCDtPPacP ressure Time Capacity Gauge Pressure Time
pF in.Hg. Ratio secs.
' PF in.Hg. Ratio secs.
2.00 2. 20 . 0735 .0320 2.00 2. 20 .0735 .0318
2.62 2.80 . 09 36 .0345 2.93 3.10 .1036 . 0358
4.00 4.10 .1370 .0401 4.00 4.10 .1370 .0398
5. 20 5.16 .1725 .0435 5. 27 5.20 .1738 .0438
6.00 5.85 .1955 .0458 6.0 0 5.85 .1955 . 0458
6. 32 6.12 . 2046 .0465 7.23 - '6.93 . 2316 .0488
8.00 7.60 . 2540 .0505 8.00 7,60 . 2540 .05 06
9.03 8.43 . 2818 .0 52.5 8.62 8.10 , 2708 .0518
10.00 9.25 . 3092 .0545 10.00 9.25 . 3092 ,0546
10.62 9.73 . 3262 .0555 10.62 9.73 . 3262 . 0558
12.00 10.90 . 3644 .0581 12.00 10.9-0 . 3644 .0581
12.94 11.64 . 3891 .0595 13. 56 12.16 , 4065 .0608
14.00 12. 54 ,4192 .0615 14.00 12. 54 . 4.192 .0617
15. 20 13. 55 . 4529 .0635 14.65 13.0.6 . 4366 .0628
16.00 14.30 .4780 . 0649 16.00 14. 30 .4780 , 0650
17.33 15.54 . 5195 .0675 17.55 15.80 . 5282 ,0678
18.00 16. 30 . 5449 .0688 18.00 16. 30 . 5449 .0 690
20.27 19.07 .6375 .0765 20. 27 19.07 . 6375 ,0768
-33-
STATION 1 
-2.9 o 915 in, IIg.
Test 9
q -69°a. P.
STATION 1
P -29. 915 iricHg.a
Test 10
0 -69°a P.
tpacity Gauge Pressure Time Capacity Gauge Pressure Time
pP in., Hg. Ratio secs. ^pP in„Hg. Ratio secs.
2.00 2. 20 .0735 ,0317 2.00 2. 20 .0735 .0315
3.17 3.32 .1110 .0370 2,29 20 49 .0832 .0323
4.00 4.10 .1370 .0397 4.00 4.10 .1370 .0396
5.07 5.04 .1685 .0430 4.37 4. 40 .1471 .0408
6.00 5.85 .1955 . 04 56 6.00 5.85 .1955 ,0454
7.54 7.19 . 2403 .0490 7.40 7,07 . 2363 . 0488
8.00 7.60 . 2540 .0503 8.00 7.60 . 2540 , 050L
9. 50 8.82 . 2948 .0530 8.31 7,81 , 2611 ,0 508
10.00 9.25 .3092 . 0544 10.00 9,25 , 309 2 * 0 541
11.64 10,75 . 3610 ,0570 11.44 10. 44 , 3490 . 0568
12.00 10.90 . 3644 ,0577 12.00 10,90 . 364a . 0577
13.4 4 12.03 . 4021 .0600 13. 23 11.89 . 3974 .0 598
14,00 12. 54 .4192 ,0611 14.00 12.54 .4192 .0611
15.14 13. 50 .4513 .0630 15.42 13.75 . 4590 .0638
16.00 14.30 ,4780 .0645 16.00 14.30 .4780 . 0 648
16.87 15.10 . 5048 .0660 16,65 14,86 . 4967 , 0658
18.00 16.30 . 5449 ,0684 18.00 16,30 . 5449 , 0686
20. 24 19.04 . 6365 .0750 20. 20 19.00 , 6351 .0763
STATION 1 Test 11
P -29.915 in, Hg. Q -5 9 ° ? .a " a
Capacity Gauge Pressure Time
pF in. Hg, Ratio secs.
2,00 2. 20 .0735 .0319
3.29 3.41 .1140 .0377
4.00 4,10 .1370 .0398
4, 53 4. 54 .1518 .0417
6, 00 5.85 .1955 .0459
6. 80 6. 55 . 2189 .0477
8.00 7.60 . 2540 ,0505
9.06 8.46 . 2828 .0527
10.00 9.2.5 .3092 .0545
10. 58 9.71 , 3246 . 0557
12.00 10.90 . 3644 .0583
13,44 12.03 . 4021 ,0607
14.00 12, 54 .4192 c 0616
14.57 13.00 . 4346 .062.7
16.00 14.30 . 4780 , 0651
18,00 16.30 . 5449 • 0689
20. 27 19.07 .6375 .0767
- 34-
STATION 2 
-30a 03 in, fig.
Test 1
e -69°F a. 0
STATION 2
P -30.03 in.Hg. a. *-
Test 2
Q -69°F8, e
pacity Gajige Pressure Time Capacity Gauge Pressure Time
pF in. Hg Ratio secs. pF in.Hg. Ratio secs.
2.00 2, 20 . 0733 .0331 2.00 2. 20 .0733 ,0326
2.34 2i 54 .0846 .0348 2,69 2,88 .0959 .0361
4.00 4.10 .1365 .0413 4,00 4,10 .1365 .0411
5.03 5.02 .1672 .0448 4.38 4.41 .1468 .0421
6.00 5.85 .1948 .0473 6.00 5.85 .1948 .0463
6.58 6.38 . 2125 .0488 7.25 6.95 .2314 ,0501
8.00 7.60 . 2531 .0521 8.00 7*60 . 2531 ,0520
9. 25 8.62 . 2870 .0548 9.00 8.4-2 .2804 .0541
10.00 9.25 .3080 .0563 10.00 9. 25 .3080 .0563
10. 25 9c 45 .3147 .0568 11.00 10.06 . 33 50 .0581
12.00 10.90 . 3630 .0599 12.00 10.90 . 3630 .0598
13e 13 11.83 . 3939 .0618 12.86 11.59 .3859 ,0611
14.00 12.54 • 4176 .0636 14.00 12, 54 o 4176 .0634
14.80 13. 20 . 4396 .0648 15.67 13.97 . 4652 .0661
16.00 14. 30 . 4762 .0671 16.00 14.30 . 4762 * 0668
18.00 16.30 . 54 28 .0711 18.00 16.30 . 5428 .0707
19.63 18.30 .6094 . 0768 19.73 18.43 .6137 .0771
STATION 2
P -30,03 in.Hg.a
Test 3
Q -69°1a
STATION 2 
P :30, 03 in. Kg,El
Test 4
0 -69a
Capacity Gauge Pressure Time Capacity Gauge Pressure Time
pF in. Hg. Ratio secs. pF in.Hg. Ratio sec§.
2a 00 2. 20 .0733 .0334 2.00 2. 20 .0733 .0327
2.76 2.97 .0989 .0368 3.07 3.22 .1072 .0367
4.00 4.10 .1365 .0416 4.00 4.10 .1365 .0408
5.00 4.99 .1662 ,0448 4,90 4.90 .1632 .0437
6,00 5.85 .1948 .0475 6,00 5.85 .1948 .0467
1 o 31 7.00 . 2331 .0508 6.37 6.17 . 2055 .0477
8.00 7. 60 . 2531 .0525 8.00 7. 60 « 2531 .0517
8,75 8. 20 . 2731 .0538 9.45 8.80 . 2930 . 0547
10,00 9.25 . 3080 . 0564 10.00 9.25 .3080 .0560
10, 69 9.80 . 3263 .0578 10. 50 9. 66 .3217 .0567
12.00 10.90 . 3630 .0602 12,00 10.90 . 3630 . 0594
13c 00 11.70 . 3896 a 0618 12.81 11.54 . 3843 .0607
14,00 12. 54 ,4176 «0636 14.00 12.54 .4176 .0630
14.71 13,13 . 4372 .0648 15.00 13.38 . 4456 .0647
16.00 14.30 . 4762 .0672 16.00 14.30 . 4762 .0666
17a 38 15.61 .5198 .0698 17.06 15.33 . 5105 .0687
18.00 16,30 . 5428 .0711 18.00 16.30 . 5428 .0706
19.74 18.43 .6137 .0778 19.73 18.43 .6137 .0767
~35~»
STATION 2 
-30,0 3 in.Hg.i
Test 5 
© ~69°i!0
STATION 2 
P -30.03 in.Hg,Cl
Test 6
9 -69°Fa P
opacity Gauge Pressure Tine Capacity Gauge pircfifiure Tine'
pF in. Hg Ratio secs. pF 1 l"l a R g o Ratio secs.
2.00 2. 20 .0733 .0326 2.00 2e 20 .0733 .0330
3,4 5 3,57 .1189 .0390 3. 66 3.77 .1255 .0402
4.00 4.10 .1365 .0410 4.00 4.10 .1365
i—1oo
4.62 4.63 .1542 .0430 5.67 5.57 .1855 . 0462
6.00 5.85 .1948 .0470 6.00 5.85 .1948 .0470
6.75 6. 50 . 2164 .0490 7.29 6, 99 . 2328 .0502
8.00 7.60 . 2531 .0520 8.00 7. 60 . 2531 »0519
10.00 9.25 . 3080 .0562 10.00 9.25 .3080 .0563
11.06 10.12 . 3370 .0580 11.64 10. 59 . 3526 .0592
12.00 10.90 . 3630 .0600 12.00 10.90 . 3630 .0593
12.69 11.46 .3816 .0610 13.50 12.10 .4029 .0622
14.00 12. 54 .4176 .0633 14.00 12. 54 .4176 .0634
15. 60 13.90 . 4629 ,0660 15.24 13.59 . 4525 .0652
16. 00 14.30 . 4762 . 0668 16.00 14. 30 . 4762 .0668
16.62 14.87 . 4952 ,0680 17.27 15. 50 . 5161 .0692
18.00 16.30 . 5428 ,0708 18.00 16. 30 . 5428 .0708
19. 74 18.44 .6140 .0770 19.68 18.33 .6104 .0772
STATION 2 Test 7 STATION 2 Test 8
-30.03a, in. Hg, e -69°jja.
i0 P -30.03a in.Hg, e ~69°j?a. •
Capacity Gauge Pressure Tine Capacity Gauge Pr’essure Tine
pF in. Hg. Ratio secs. pF in, Hg. Ratio secs,
2.00 2, 20 .0733 * 0330 2,00 2.20 ,0733 .0330
2.35 2.55 .0849 .0344 2,41 2.60 . 0866 .0347
4.00 4.10 .1365 .0410 4.00 4.10 .1365 ,04 05
5.47 5.39 .1795 .0454 4.90 4.90 .1632 ,0437
6.00 5.85 .1948 .0469 6.00 5.85 .1948 .0467
7.71 7.32 , 2438 .0514 6.38 6.18 . 2058 .0.477
8.00 7.60 . 2531 .0520 8.00 7.60 . 2531 ,0 515
8. 25 7,74 . 2554 .0524 9.62 8.92 . 2970 .0547
10.00 9.25 .3080 .0563 10. 00 9. 25 .3080 .0559
10.69 9.80 . 3263 .0574 11. 35 10. 35 . 3446 ,0577
12.00 10.90 . 3630 .0598 12.00 10.90 . 3630 .0591
13.10 11.80 . 39 29 .0614 12.38 11.18 , 3723 .0597
14.00 12. 54 .4176 .0632 14.00 12,54 .4176 .0625
14.80 13. 20 . 4396 .Ob44 15.33 13, 66 . 4549 .0647
16.00 14. 30 , 4762 „ 0667 16.00 14.30 . 4762 «0660
16,87 15.10 , 5028 .0684 17.44 15,66 . 5215 .0687
18.00 16. 30 . 5428 .0707 18.00 16. 30 . 5428 .0699
19.75 18.43 .6137 .0774 20.00 18.75 . 6244 .0767
-35-™
STATION 2
P -30.03 in.,Hg,a
Test 9
•69°]?c
STATION 2 
P -30.03 in.Hg,ct
Test 10
© ~69°F. a
Capacity Gauge Pressure Time Capacity Gauge Pressure Time
pF in. Hg. Ratio secs. pF in, Hg, Ratio secs.
2.00 2. 20 .0733 .0328 2.00 2. 20 .0733 ,0318
3.07 3. 22 o 10 7 2 .0376 3.27 3.40 .1132 .0373
4.00 4.10 .1365 .0410 4.00 4.10 .1365 ,0400
4. 53 4. 54 .1512 ,0426 4. 40 4,42 .1472 ,0413
6.00 5.85 .1948 .0468 6.00 5,85 .1948 , 0458
7.16 6,86 . 2284 .0496 7.00 6,73 . 2241 .0483
8.00 7. 60 . 2531 .0516 8.00 7,60 . 2531 ,0510
8o 44 7.94 . 2644 .0526 8,70 8.15 .2714 .0523
10.00 9.25 .3080 . 0558 10.00 9.25 . 3080 . 0551
11.00 10.96 . 3350 .0576 11.35 10.35 . 3447 .0573
12.00 10. 90 . 3630 * 0593 12.00 10.90 . 3630 . 0587
12.74 11.49 .3826 .0606 12. 44 11. 24 . 3743 .0593
14.00 12. 54 .4176 0 0628 14.00 12, 547 .4176 • 0622
14.98 13.36 . 4449 , 0646 15.32 13.65 . 4545 ,0643
16.00 14.30 . 4762 , 0666 16.00 14, 30 . 4762 .0656
17.00 15. 23 . 5072 . 0686 16.37 14.62 .4868 .0663
18.00 16.30 . 5428 .0705 18.00 16. 30 . 5428 .0696
19.61 18. 26 .6080 »0766 19,74 18.44 .6140 .0763
STATION 2 Test 11
P -30.03 in. Hg„ 6 ~63°F.a. a
Capacity Gauge Pressure Time
pF in. Hg. Ratio' secs,
2.00 2,20 . 0733 ,0334
2.69 2.88 .0959 .0365
4,00 4.10 .1365 .0411
4.27 4.33 .1442 .0425
6.00 5.85 .1948 .0472
6.87 6. 60 . 2198 .0495
8.00 7, 60 . 2.331 . 0522
9.12 8. 52 . 2837 .0545
10*00 9.25 .3080 .0566
10.56 9.70 . 3230 .0575
12.00 10.90 . 3630 .0600
13,37 12.00 . 3996 .0625
14.00 12. 54 .4176 .0638
14.47 13.77 .4583 .0655
16,00 14,30 o 4762 .0675
16/75 14.98 .4988 ,0695
-37
a
STATION 5 
-30.20 in. fig.0
Test 1 
8 ~69°Fcl 0
STATION 3
P -30.20 in.flg.8, 2
Tes£ 2
9 -69°Fa. 9
opacity Gauge Pressure Time Capacity Gauge Pressure Time
"p* in.Hg. Ratio secs. pF in.Hg* Ratio secs.
2, 00 2. 20 .0728 .0351 2.00 2. 20 .0728 . 0346
2. 29 2,49 o 0825 .0360 2.55 2.75 o 0911 .0374
4.00 4.10 .1358 .0428 4.00 4.10 .1358 .0429
5.35 5.29 .1752 .0470 5,17 5.12 .1695 „ 0 4 6 4
6.00 5,85 .1937 ,0489 6.00 5.85 91937 ,0486
6. 52 6.32 . 2095 .0500 7.23 6,93 e 2295 .0514
8.00 7,60 .2517 .0539 8.00 7.60 e 2517 .0536
9.00 8.42 . 2788 .0560 8,38 7,88 . 2609 .0544
10.00 9.25 .3063 .0583 10.00 9.25 0 3063 .0581
10. 50 9, 66 « 3200 . 0590 11.27 10.28 . 3404 .0604
12.00 10.90 P 3609 .0618 12.00 10.90 .3609 .0618
13. 25 11. SO . 3940 ,0640 13.00 11.70 . 3874 .063 4
14.00 12. 54 .4152 • 0656 14,00 12. 54 .4152 « 0653
14,93 13.32 .4411 .0670 15.27 13.61 .4507 .0674
16.00 14. 30 , 4735 .0693 16,00 14.30 .4735 .0689
16.33 14. 58 .4828 ,0700 17.75 16.00 . 5298 .0724
18.00 16.30 . 5397 .0734 18.00 16,30 . 5397 .0732
19.33 17.84 . 5907 o 0788 19,47 18.00 . 5960 ,0786
STATION 3 
-30. 20 in.Hg,
Test 3
0 -69°Ia.
ic
STATION 3
P -30. 20 in.Hg, a
Test 4
0 -69°5a
ipacity Gauge Pressure Time Capacity Gauge Pressure Tine
pF in.Hg, Ratio secs. pF in.Hg. Ratio see s.
2.00 2. 20 .0728 .0343 2.00 2. 20 .0728 .0346
2.78 2.98 .0987 .0379 3.00 3.17 .1050 .0390
4.00 4.10 .1358 .0424 4.00 4.10 .1358 . 04 ?8
4.80 4.80 .1589 • 0449 5.13 5.10 .1689 .0460
6, 00 5.85 ,1937 .0482 6.00 5.85 .1937 .0486
7.47 7,11 . 2354 .0519 6.97 6.70 .2219 .0510
8.00 7,60 . 2 517 .0533 8.00 7.60 .2517 .0536
9.56 8.80 . 2914 .0569 9. 50 8.84 , 2927 .0570
10. 00 9.25 . 3063 .0578 10,00 9.25 . 3063 .0580
10.60 9.74 . 3225 .0589 10.50 9.66 .3199 .0590
12,00 10.90 . 3609 .0613 12.00 10.90 .3609 .0616
13.40 12.04 . 3987 .0639 12.71 11.47 . 3798 .0630
14,00 12, 54 .4152 .0550 14.00 12. 54 .4152 .0653
14. 51 12,96 . 4291 .0659 14.94 13.34 .4417 .0670
16. 0.0 14. 30 . 4735 .0685 16.00 14.30 . 4735 .0689
17,15 15.40 , 5099 .0709 17. 54 15.79 . 5228 .0720
18.00 16.30 . 5397 .0725 18.00 16.30 . 5397 .0730
19.35 17.87 .5917 .0780 19.33 17.84 . 5907 .0785
39.
STATION 3 
P -30.20 in.Hg,
Test 9
0 -69°F,
STATION 3 Test 10
P -30* 20 in.Ito © -69°F,a a
Capacity Gauge Pressure Tine Capacity Gauge Pressure Tine
pF in. Hg. Ratio sics. pF in, Hg. Ratio secs.
2.00 2. 20 .0728 .034 5 2,00 2, 2.0 .0728 .0348
2.72 2.91 .0964 .0 361 3.50 3.62 , 1199 .0411
4.00 4.10 .1358 .0424 4,00 4.10 .1358 .0427
5*5 5 5.46 .1808 .0471 5.45 5.37 .1778 .0471
6.00 5.85 .1937 .0483 6.00 5.85 .1937 .0485
6.74 6. 51 . 2156 .0 501 6.93 6.66 . 2205 .0511
8.00 7 60 .2517 .0531 8.00 7.60 ,2517 .0536
8. 50 8.00 . 2649 . 0541 8,61 8.10 , 2662 , 0551
10.00 9.25 . 3063 .0586 10,00 9.25 . 3063 , 0582
10.93 10. 01 .3315 .0591 10. 52 9.68 . 3205 .0591
12.00 10.90 . 3609 .0611 12.00 1-0.90 . 3609 .0617
13.67 12, 26 .4060 .0641 13.38 12.02 . 3980 .0641
14.00 12. 54 .4152 .0649 14.00 12. 54 .4152 .0657
14.72 13.14 . 4351 . 0661 15. 59 13.89 . 4599 ,0681
16.00 14. 30 . 4735 . 0684 16.00 14.30 . 4735 .0689
16. 50 14.75 .4864 .0691 17. 55 15.80 . 5232. .0721
18.00 16.30 . 5397 .0725 18,00 16.30 . 5397 .0730
19.35 17.85 .5911 ,0781 19. 25 17.75 . 5877 .0785
STATION 3 
-30, 20 in. Her*i
Test 11
9 -69°Fa #
STATION 3
P -30. 20 in.Hg,a
Test 12
9 -69°Fa. #
ipacity Gauge Pressure Tine G ap ac i ty Gauge Pressure Time
pF in.Hg. Ratio secs. pF in,Hgc> Ratio secs.
2.00 2. 20 .0726 .0343 2.00 2. 20 .0728 ,0344
2.97 3.14 . 2040 ,0386 3.67 3.79 .1255 .0419
4.00 4,10 .1358 .0427 4.00 4.10 .1358 .0429
4.27 4.35 .1440 .0436 5.00 4.99 .1652 .0459
6.00 5.85 .1537 ,048 2 6.00 5.85 .1937 .0483
6.35 6.15 . 2036 ,0496 7.36 7.02 . 2325 .0519
6. 00 7.60 .2517 .0533 8.00 7.60 .2517 .0534
9.00 8.42 . 2780 , 0556 9.63 8.93 , 2957 .0569
10.00 9.25 . 3063 .0578 10,00 9. 25 . 3063 .0578
11*02 10.08 . 3338 .0596 11.17 10. 21 .3381 .0599
12.00 10.90 - 3609 .0611 12,00 10.90 . 3609 .0614
12,65 11,42 .3761 , 06 26 12.71 11.47 . 3798 .0629
14.00 12. 54 . 4152 , 0651 14.00 12.54 .4152 ,0652
16,00 14.30 .4735 .0691 16.00 14.30 . 4735 .0694
16,62 14.85 .4917 .0706 16.63 14,86 . 4920 ,0709
40
STATION 4 Test 1
P -30*10 
a
in. Hg. 9^-69*ct 5°F,
Capacity Gauge Pres sure Tine
pF in. Hg. Ratio secs
2.00 2. 20 .0731 .0365
2.36 2.56 • 084 4 .0378
4.00 4.10 .1362 .0442
5. 20 5*16 .1714 * 0478
6.00 5 d 8 5 *1943 .0498
6.35 6.19 . 2056 .0508
8.00 7.60 . 2525 .0550
9.12 8. 52 . 2831 .0578
10.00 9.25 . 3073 . 0598
10. 58 9.72 . 3231 .0608
12.00 10.90 . 3621 . 0635
13.40 12.04 . 4000 . 0658
14.00 12. 54 . 4166 .0671
14.98 13.37 . 4442 .0688
16.00 14.30 . 4751 .0707
17. 53 15.78 . 5243 .0738
18.00 16. 30 .5415 .0751
18.84 17. 24 . 5728 o 079 5
STATION 4 Test 3
P -30.10 a in. Eg* 0 -69.n„
r-0 —,5 P.
Capacity Gauge Pressure Tine
pF in.Hg. Ratio secs
2.00 2. 20 .0731 .0368
2.71 2.90 .0963 .0404
4.00 4.10 .1362 .044-6
4*27 4.35 .1445 .0454
6.00 5.85 .1943 .0503
7.27 6.97 . 2316 . 0534
8.00 7.60 . 2525 .0555
9. 31 8.69 . 2.887 .0 584
10.00 9. 25 . 3073 .0600
10.77 9.67 .. 3279 .0614
12.00 10.90 . 3621 .0636
12.66 11.60 . 36 54 . 0654
14.00 12. 54 .4166 .0675
14. 55 13.00 .4319 .0684
16.00 14.30 . 4751 .0711
16.78 15. 00 © 4 9 6 3 .0724
18.00 16.30 .5415 .0756
18.84 17.24 * 5728 .0798
STATION 4 Test 2
P -30.10a i n. H p, 9 -69*Ry 5°F.
Capacity Gauge Pr e s sur e Tine
pF in. Hg. Ratio secs,
2.00 2. 20 .0731 .0365
2. 55 2.75 .0914 .0387
4.00 4.10 .1362 .0444
4.73 4.73 .1571 -.0467
6.00 5.85 .1943 © 0 502
6. 55 6.35 . 2110 .0517
8.00 7.60 . 2525 ,0553
9. 50 8.84 . 2937 ,0567
10.00 9.25 . 3073 .0598
11.00 10.06 . 3342 © 0617
12.00 10.90 . 3621 .0637
13.25 11*90 . 3953 • 0657
14.00 12. 54 ,4166 ,0671
15.45 13.76 . 4571 .0697
16.00 14. 30 . 4751 .0707
17.00 15.24 .. 5063 .0727
18.00 16.30 .. 5415 .0751
18.90 17.31 . 5751 .0797
STATION 4 Test 4
P -30.10a m* Hp. 0-69.a 5°P,
Capacity Gauge Pressure Tine
PF in.Hg. Ratio secs.
2.00 2. 20 .0731 ,0363
3.07 3. 22 .1070 .0408
4. 00 4.10 .1362 .0444
5.60 5.41 .1797 .0488
6.00 ■ 5.85 .1943 .0499
7,55 7. 20 . 2392 . 0538
8.00 7.60 . 2525 , 0550
8. 73 8.18 .2718 .0568
10.00 9. 25 . 3073 .0596
11.16 10. 20 . 3389 .0618
12.00 10.90 . 3621 .0633
13.48 12.09 .4017 .0658
14.00 12. 54 • 4166 .0669
15.07 13.45 . 4468 .0688
16.00 14.30 . 4751 .0705
17.49 15.74 , 5228 .0738
18.00 16.30 .5415 .0748
18.97 17,40 . 5781 .0793
41-
STATION 4
P -30a 10 in.Hg.a
Test 5
0 -’69,a
c5°1h1J X1 ,
STATION 4
P -30,10 in.Hg.a c
Test 6
© -69. a 0 -t- 0
Capaci ty C-a,uge Pressure Time Capacity Gauge Pressure Time
pF in. Hg Ratio secs in. Hg. Ratio secs
2,00 2. 20 .0731 .0360 2.00 2. 20 .0731 .0369
3.38 3, 50 .1163 .0422 3. 52 3. 66 ,1216 .0432
4.00 4.10 .1362 .0442 4,00 4.10 .1362 .0448
5.31 5.25 .1744 .0482 4.80 4.80 .1596 .,0472
6, 00 5.85 .1943 .0500 6.00 5.85 p 1943 ,0503
60 50 6, 30 . 2093 .0512 6.73 6, 50 . 2159 . 0522
8.00 7.60 . 2525 .0552 8.00 7.60 . 2525 .0555
8.49 7.99 . 2654 .0562 9.61 8.91 , 2960 .0592
10.00 9.25 . 3073 .0598 10.00 9. 25 . 3073 .0601
10.75 9.86 .3276 o 0612 11.17 10. 21 . 3392 .0622
12.00 10.90 , 3621 . 0636 12.00 10.90 . 3621 ,0638
12.96 11. 67 , 3877 .0652 13.48 12.09 , 4017 «066 2
14.00 12. 54 ,4166 ,0672 14,00 12. 54 , 4166 .0675
15.07 13.45 . 4468 .0692 15.00 13.38 . 4445 *0692
16.00 14,30 . 4751 .0709 1 6 , 0 0 14. 30 . 4751 .0710
17. 23 15.46 . 5136 .0732 16,63 14.79 .4914 .0722
18.00 16. 30 .5415 . 0752 18,00 16. 30 . 5415 ,0753
18.90 17.31 . 5751 ,0797 18,97 17.40 , 5781 .0798
STATION 4 
P -30.10 in.Hg.cl
Test 7
0 -69,a 5°F,
STATION 4 
P^-30.10 in.Hg,
Test 8
Q -69.a.
rOn5 1,
Capacity. Gauge Pr'essure Time Capacity Gauge Pressure Time
pF in. Hg, Ratio secs. pF in. Hg. Ratio secs
2.00 2. 20 .0731 ,0368 2.00 2. 20 .0731 .0363
2. 53 2.73 .0907 .0387 3.43 3. 55 ,1179 .0421
4.00 4.10 ,1362 .0446 4.00 4.10 .1362 . 044 2
4.38 4.41 .1465 ,0457 5.33 5. 27 .1751 .0481
6.00 5.85 .1943 .0507 6.00 5.85 .1943 .0500
6.87 6„ 60 .2193 .0527 6.47 6. 27 . 2083 .0511
8.00 1 o 60 . 2525 .0557 8. 00 7.60 . 2525 . 0551
8.88 8.31 . 2761 .0577 ’ 8, 53 8.03 • 2668 .0561
10*00 9. 25 . 3073 .0600 10.00 9. 25 . 3073 ,0596
10.90 9.99 .3319 .0617 11,47 10.46 . 3475 .0621
12,00 10.90 . 3621 .0639 12.00 10.90 . 3621 .0633
13. 56 12.16 .4040 .0657 13.13 11.83 . 3930 ,0651
14.00 12. 54 .4166 .0676 14.00 12. 54 .4166 .0670
14.65 13.09 . 4349 .0687 14,62 13.03 .4329 .0681
16.00 14. 30 n 4 7 51 .0710 16.00 14. 30 , 4751 .0706
17.32 15.54 , 5163 .0737 17.32 15, 54 .5163 .0731
18.00 16.30 .5415 .0754 18.00’ 16.30 o 5415 ,0750
18.90 17,31 . 5751 .0797 19,00 17,45 . 5797 .079 5
STATION 4
P -30*10 in.Hg*a
Test 9
9 -69.a 5°F.
STATION 4
P -30,10 in.Hg.a
Test 10
9 -69.5a
o
■ F.
Capacity Gauge Pressure Time Capacity Gapge Pressure Time
"p*1 in, Hg. Ratio secs pP in. Hg. Ratio secs
2* 00 . 2. 2.0 .0731 ,0361 2.00 2.20 .0731 .0359
2. 53 2.73 0 0907 ,0390 3.43 3. 55 .1179 .0418
4.00 4.10 .1362 .0443 4.00 4.10 .1362 .0435
4.51 4.54 .1508 .0460 4.33 4.38 .1455 w 0448
6.00 5.85 .1943 .0 500 6,00 5.85 ,1943 .0495
7.25 6.95 . 2309 .0530 7.68 7. 29 . 24 22 .0538
8.00 7.60 . 2525 . 0551 8.00 7, 60 . 2525 .0548
8.79 8. 22 . 2731 .0570 8.37 7.87 .2615 .0558
10.00 9.25 . 3073 .0599 10.00 9.25 , 3073 .0596
10.63 9.74 , 3236 .0 610 11.25 10. 26 . 3409 ,0618
12.00 10.90 . 3621 ,0635 12.00 10,90 . 3621 .0631
13.44 12.06 .4007 .0660 13.00 11. 70 .3887 ,0648
14.00 12. 54 • 4166 ,0673 14. 00 12. 54 .4166 ,0668
15.36 13.70 , 4551 .0700 15. 20 13. 55 . 4502 .0688
16.00 14. 30 . 4751 .0715 16.00 14.30 . 4751 .0703
16. 50 14.75 . 4900 ,0730 16. 71 14.97 . 4973 .0718
STATION 4 Test 11
18.00 16.30 
18.78 17.18
STATION 4
. 5415 
. 5708
Test 12
.0747
.0792
i
P -30.10a in. Hg. 9 -69.a 5°F. P -30,TOa in, Hg.
9 -69,3 a °F.
Capacity Gauge Pressure Time Capacity Gauge Pressure Time
pF in. Hg. Ratio secs pF in.Hg. Ratio secs
2.00 2. 20 .0731 . 0368 2,00 2. 20 .0731 .0362
3.00 3.17 .1053 .0413 3.38 3. 50 .1163 .04 24
4.00 4.10 .1362 .0447 4.00 4.10 .1362 .0443
5. 50 5.40 .1794 .0493 5.07 5.04 .1674 .0474
6.00 5.85 .1943 .0505 6.00 5.85 .1943 .0498
7.55 7. 20 . 2392 ,0543 7.13 6.83 . 2269 .0524
8.00 7o 60 . 2525 .0554 8.00 7.60 . 2525 .0550
8.73 8.18 .2718 .0573 9,50 8.84 . 2937 .0584
10.00 9.25 . 3073 .0603 10.00 9.25 .3073 .0597
10.80 9,90 . 3289 .0613 11.00 10.06 .3342 .0614
12.00 10.90 . 3621 .0641 12.00 10.90 . 3621 ,0632
13. 37 12.00 .3987 . 0663 12,60 11.38 .3781 .0644
14.00 12. 54 .4166 ,0678 14.00 12. 54 • 4166 .0671
15.33 13, 66 . 4538 .0703 15.17 13. 52 . 4492 .0694
16.00 14.30 . 4751 ,0718 16.00 14.30 . 4751 .0714
STA'i
P -30,18a
.'ION 3 
irio Hg.
Test 1
© -69ca
•--'43-
r-O-p5 1.
STATION 5
P -30.18 iricHgc0-
Test 2
© -69. a 5°F.
C ap ac i cy Gauge Pres sure Time Capacity Gauge Pressure Time
pF li’lo rfgo Re.tio secs. pF in eg. Ratio secs.
2c 00 2. 20 .0729 .0390 2. 00 2. 20 .0729 .0380
3*43 3 c 57 .1183 ,0452 2.62 2.80 « 09 28 .0409
4.00 4C10 .1358 .0469 4.00 4.10 .1358 .0457
5.07 5.04 .1670 .0502 4.38 4.42 .1465 .0469
6.00 5.85 .1938 .0527 6.00 5.85 .1938 .0515
6.98 6. 70 . 2220 . 0552 6. 51 6.31 , 2001 . 0529
8.00 7. 60 . 2518 .0578 8.00 7. 60 .2518 .0565
9.00 8.42 . 2790 .0602 8.56 . 8.00 . 2651 .0579
10.00 9.25 . 3065 , 06 26 10.00 9.25 . 3065 .0613
11.13 10. 20 . 3380 .0652 10.81 9.91 .3284 .0629
12.00 10.90 .3612 . 0667 12.00 10.90 . 3612 .0653
13.50 12.10 . 4009 .0692 12.19 11.03 . 3655 . 0659
14.00 12. 54 .4155 .0704 14.00 12. 54 .4155 ,0691
15. 50 13.80 . 4573 .0732 14.55 13.00 .4307 .0699
16.00 14.30 . 4738 .0739 16.00 14.30 . 4738 .0727
17.00 15. 24 . 5050 .0762 16. 53 14. 79 . 4901 .0739
18.00 16. 30 . 5401 .0 790 18.00 16.00 . 5401 .0777
18.4 5 16.80 . 5567 .0812 18.48 16.82 . 5573 .0869
STATION 5 
P -30.18 in.Hg*.El
Test 3
Q .-69*.a 5°F.
STATION 5
P -30.18 in.Hg.61
Test 4
© -69.a 5°F.
Capacity Gauge Pressure Time Capacity Gauge Pr e ssur e Time
pF in.Hg. Ratio secs. pF in.Hg. Ratio secs,
2.00 2, 20 .0729 .0384 1.15 1.30 .0431 .0327
2.47 2.67 .0885 .0405 2,00 2.20 .0729 .0380
4,00 4.10 .1358 ,0462 3,07 3. 22 .1067 .0437
5.07 5, 04 ,1670 .0495 4.00 4.10 .1358 .0458
6.00 5.85 .1938 ,0520 4. 71 4.71 .1561 ,0477
7.00 6.70 . 2220 .0545 6.00 5.85 .1938 .0513
8.00 7.60 . 2518 .0569 6. 56 6.34 . 2101 .0527
8.61 8.10 . 2684 .0585 8.00 7.60 . 2518 .0564
10.00 9. 25 . 3065 .0618 8.88 8.31 . 2753 .0587
10.84 9.94 . 3294 .0635 10.00 9.25 .3065 .0613
12.00 10,90 .3612 .0657 11.10 10.16 .3366 .0637
12.88 11.60 . 3844 .0675 12,00 10.90 ,3612 .0 655
14.00 12. 54 . 4155 .0695 14,00 12. 54 .4155 .0 690
15.05 13.44 . 4453 .0715 14.47 12.92 .4281 .0697
16,00 14. 30 , 4738 .0734 16.00 14.30 . 4738 .0727
16,93 15.19 « 5033 .0755 16.45 14.70 .4871 .0737
18.00 16,30 . 5401 .0780 18.00 16.30 . 5401 .0776
18. 20 16. 50 . 5467 • 0815 18.47 16.80 . 5567 .0807
.:,Mr
STATION 5 
-3Q„18 in.Hg.
Test 5 
0 “69. rO^5 r.
STATION 5 
P -30,18 in.Hr.
Test 6 
9 -69. 5°F.a,
opacity
a
Gauge Pressure Time
a
Capacity
Ft
Gauge Pressure Tine
pF in, Hg. Ratio secs. pF in,Hg, Ratio secs,
2.00 2. 2.0 .0729 .0380 2,00 2. 20 .0729 .0390
3.57 3*66 ,1219 .044 7 3,21 3.37 .1117 . 0439
4.00 4.10 .1358 .0463 4.00 4.10 .1358 .0465
4.71 4.71 .1561 .0487 5.45 5.36 .1776 * 0 509
6.00 5.85 .1938 .0520 6.00 5.85 *1938 .0524
7.10 6,80 ,2253 .0547 7.40 7.07 . 2343 . 0559
8,00 7.60 . 2518 .05 72 8.00 7.60 .2518 .0577
8.62 8,11 . 2687 .0537 9.36 8.71 .2896 .0609
10.00 9. 25 . 3065 .0617 10.00 9. 25 .3065 ,0625
10.81 9.91 . 3284 ,0637 11. 20 10. 24 . 3393 .0649
12.00 10.90 .3612 .0659 12.00 10.90 .3612 . 0665
12.81 11. 55 .3827 .0677 13.42 12.04 .3989 .0689
14.00 12, 54 .4155 .0697 14.00 12. 54 .4155 »0700
15.10 13.48 . 4466 .0717 15. 52 13.78 . 4566 ,0729
16.00 14,30 o 4738 .0735 16.00 14.30 ,4738 .0737
16. 56 14,81 . 4907 ,0747 17.46 15.70 . 5202 .0769
18.00 16. 30 . 5401 ,0777 18.00 16. 30 . 5401 .0 784
18. 50 16.85 . 5583 .0817 18.45 16.80 . 5567 .0819
STATION 5
-30* 18 in.Hg,a, c
Test 7
© -69.a 5°F.
STATION 5 
P -30.18 in.Hg.cl
Test 8
© -69. a 5°F.
opacity Gauge pressure Tine Capacity Gauge Pressure Tine
' pF in.Hg. Ratio secs. pF in. Hg. Ratio secs
1.00 1.15 ,0381 ,0320 1.12 1. 32 .0437 .0339
2.00 2. 20 .0729 .0390 2.00 2. 20 .0729 .0384
2.76 2.96 .0981 .0420 3.18 3.33 .1103 .0439
4,00 4.10 .1358 .0469 4.00 4,10 .1358 .0466
5. 20 5.16 .1710 .0500 5.10 5.05 .1673 .0499
6.00 5.85 .1938 . 0521 6.00 5.85 .1938 .0524
6,75 6.50 .2154 , 0540 7,10 6.80 , 2253 «0549
8.,00 7.60 . 2518 .0571 8.00 7.60 . 2518 .0573
Se75 8, 20 ,2717 .0590 9.00 8.42 , 2790 .0599
10.00 9. 25 . 3065 .0620 10.00 9.25 . 3065 .0623
11,00 10.08 , 3340 .0640 10.81 9.91 .3284 .0639
12,00 10.90 .3612 , 0660 12.00 10.90 .3612 .0666
13, 00 11. 70 .3877 .0680 12, 79 11, 52 .3817 .0679
14.00 12. 54 .4155 .0698 14.00 12,54 .4155 .0702
15,13 13.50 . 4473 ,0720 14.80 13. 20 . 4374 .0719
16.00 14,30 . 4738 ,0740 16.00 14.30 .4738 .0751
...45-
STAi.‘ION 5 Test 9 .STATION 5 Test 10
P -30,18a in, Hgc G -69.,a 5°Fo P -30*18- in. Hg, © -69.5a
°F.
Capacity Gauge Pressu:re Tine C ap ac ity G-auge P r e s s ur e T in e
pF FruHg* Ratio secs pF in, Hg. Ratio secs
2.00 20 20 o 012.3 .0382 2.00 2. 20 .0729 ,0389
2. 34 2, 54 o 084 2 «0398 2.43 2.63 .0871 .0410
4.00 4.10 .1358 .0463 4,00 4.10 .1358 ,0467
4.47 4.48 .1484 .0478 4,69 4.70 .1557 .0490
6 c 00 5*85 .1938 .0523 6 a 00 5.85 .1938 .0524
6.6 7 6. 46 . 2140 .0538 7.03 6,75 • 2236 . 0550
8.00 7.60 .2510 .0576 8,00 7.60 . 2518 .0577
8.67 8.15 . 2700 .0588 9.00 8. 4 2 . 2790 .0600
10.00 9.25 , 3065 .0622 10,00 9,25 . 3065 .0624
10.80 9.90 • 3280 ,0638 10. 76 9.86 . 3267 .0640
12.00 10.90 . 3612 .0662 12.00 10.90 .3612 »0666
120 33 n r- 11 9 Xw . 3698 .0669 12,97 11.68 . 3970 ,0680
14.00 12. 54 .415 5 ,0698 14.00 12. 54 ,4155 • 0701
14.67 13.11 . 4344 .0708 15.02 13.42 . 4447 .0720
16.00 14.30 .4738 ,0734 16,00 14. 30 . 4738 ,0738
16,, 73 14.99 . 4967 ,0748 17.00 15.2.4 . 5050 .0760
18.00 16. 30 • 5401 .,0782 18.00 16, 30 . 5401 .0790
IS. 47 16.82 . 5573 .0808 18,47 16.82 . 5573 .0810
STATION 5 Test II STATION 5 Test 12
P -30*18 in. Kg* 0 “’69, 5 F, P -30.18 •ClP>£
•H © -69, cOp J X *a a. a Si
Capacity Gauge !Pressure Tine Capacity Gauge Pressure Tine
pi? in* Hg• Ratio sec s p.F in, Hg. Ratio secs
2.00 2. 20 ,0729 9 0389 2,00 2. 20 .0729 , 0388
~  2,79 2,99 .0991 .0420 3.43 3. 57 .1183 ,0446
4. 00 4.10 .1358 ,0466 4,00 4,10 .1358 ,0463
5. 20 5,16 .1710 .0500 5, 40 5.32 .1763 .0506
6 * 00 5.85 .1938 .0525 6.00 5,85 .1938 .0523
7.00 6,70 . 2.220 ,0550 7.40 7,07 . 2343 .0546
8.00 1 o 60 • 2518 ,0575 8,00 7,60 . 2518 . 0573
9,56 8.87 , 2939 .0610 9* 38 8.72 . 2889 .0606
10.00 9,25 . 3065 .0623 10.00 9. 2.5 . 3065 .0621
11,40 10. 40 ,3146 . 0650 11.19 10, 21 , 3383 . 0646
12.00 10,90 « 3612 c 0665 12,00 10.90 . 3612 .0664
13, 54 12,15 . 40 26 .0690 13,31 11.97 . 3966 • 0686
14.00 12. 54 .4155 .0700 14,00 12. 54 ,4155 .0698
15. 68 13.9S . 4632 .0730 14.47 12.91 . 4278 .0706
16.00 14, 30 • 4738 .0737 16.00 14. 30 . 4738 .0735
17,82 16,10 , 5335 .0780 17.00 15. 24 , 5050 .0756
18.00 16, 30 . 5401 ,0789 18.00 16,30 . 5401 .0785
18, 28 16. 58 . 5494 .0810 18,32 16.62 . 5507 .0806
<4 6
STATION 6
P -29-92 in-Hg. a
Test 1
© -69.a 5°F.
STATION 6
P -29. 9 2 in.Hg. a
Test 2. 
© -69. 5°F.
C ap ac j. t y Gauge Pressure Tine Capacity Gauge Pressure Tine
pF in.Hg. Ratio secs pj? in- Hg. . Ratio secs
1.69 1.85 .0618 .0422 1.39 1. 55 .0518 .0410
2, 00 2. 20 .0735 -044 2 2.00 2. 20 .0735 .0437
3. 52 3.64 .1217 .0502 3.00 3.16 .1056 .0480
4-00 4.10 ,1370 .0520 4-00 4.10 .1370 .0516
5.48 5.39 .1801 .0562 5.20 5.16 -1725 .0550
6.00 5.85 .1955 .0576 6.00 5-85 .1955 .0570
7.48 7.14 . 2386 .0612 7-16 6, 86 © 2293 .0600
8-00 7.60 . 2540 , 0626 8.00 7.60 . 2540 .0622
9.31 8,66 . 2894 • 0662 8.94 8.35 . 2791 .0650
10.00 9.25 . 3092 • 0681 10.00 9.25 . 3092 .0678
11. 25 10. 25 . 3426 -0712 10.87 9.97 . 3332. .0700
12.00 10.90 . 3643 .0731 12.00 10.90 - 3643 .0726
13.38 12.00 .4011 .0762 13.06 11.76 . 3930 .0750
14.00 12.54 • 4191 .0775 14.00 12. 54 .4191 .0770
15.36 13.69 . 4575 .0802 15.33 13.66 . 4565 .0790
16.00 14.30 . 4779 .0824 16.00 14.30 . 4779 .0819
16.62 14.86 . 4967 .0862 16.53 14.80 . 4946 .0850
STATION 6 
P -29. 9 2 in.Hr.
Test 3 
© -69. 5°F.
STATION 6 
P -29,92 in.Hg.
Test 4 
© -69.5°F.a
Capacity
a
Gauge Pressure Tine
a
Capacity
a
Gauge Pressure Tine
pF in.Hgn Ratio secs pF in, Hg. Ratio secs
0.77 0.90 .0301 .0361 0.85 0.97 .0324 ,0369
2.00 2. 20 .0735 .0440 2, 00 2. 20 .0735 .0433
2.97 3.12 .1043 .0481 2.67 2.86 .0956 .0459
4.00 4.10 .1370 .0520 4.00 4.10 .1370 .0507
5.00 4.99 .1668 *0551 4-77 4.78 .1597 ,0529
6.00 5*85 .1955 .0575 6.00 5.85 .1955 .0563
7.00 6.70 . 2239 .0601 6.97 6. 68 . 2233 .0589
8.00 1 o 60 . 2540 .0626 8.00 7.60 . 2540 .0615
8.75 8, 20 . 2741 . 0651 8.45 7.95 . 2657 .0629
10.00 9. 25 .3092 • 0681 10f 00 9. 25 .3092 .0670
10.81 9.91 .3312 .0701 10.77 9.87 . 3299 .0689
12.00 10.90 . 3643 .0729 12.00 10.90 . 3643 .0719
13.00 11.70 .3910 .0751 12.65 11.42 . 3817 .0729
14.00 12. 54 .4191 *0772 14.00 12.54 .4191 .0762
15.27 13.60 *4.545 .0801 15*20 13.54 . 4525 .0789
16.00 14*30 . 4779 .0822 16.00 14.30 . 4779 .0813
16.53 14.80 . 4946 .0851 16.53 14.80 . 4946 .0849
STATION 6 Test 5 STATION 6 Test 6
-29*92a in. Hg.
9 -69.5°a Fe P -29.92a in. Hg. © -69.5°a
F.
apacity G-auge Pressure Tine G ap ac i ty Gauge Pressure Tine
pi? in.Hg. Ratio secs. P*1 in.Hg. Ratio secs.
1. 29 1. 58 .0461 .0594 1.00 1.15 .0584 .0582
2.00 2. 20 .0755 .0458 2.00 2. 20 .0755 .0459
2. 57 2.77 .0926 .0464 5.24 5.59 .1155 .0492
4.00 4.10 .1570 .0512 4.00 4.10 .1570 .0 518
4.76 4.76 .1591 .0554 5.67 5. 57 o 186 2 .0562
6.00 5.85 .1955 ..0568 6.00 5© 85 .,1955 .0572
6. 58 6.56 . 2126 .0 584 7. 60 7.22 . 2414 .0612
8.00 7. 60 . 2540 .0620 8.00 7.60 . 2540 .0624
8.45 7.95 . 2657 . 0654 9.58 8.75 ,2918 .0662
10.00 9. 25 © 509 2 .0675 10.00 9.25 . 509 2 .0678
10. 51 9. 50 .5175 .0684 11.42 10.41 . 5479 .0712
12.00 10.90 . 5645 .0724 12.00 10.90 . 5645 «0727
12. 52 11.52 . 5785 .0754 15. 20 11.86 . 5964 ,0752
14.00 12. 54 .4191 .0769 14.00 12. 54 .4191 .0772
14.67 15.10 . 4578 .0784 15. 20 15. 54 . 4525 .0802
16.00 14. 50 . 4779 9 0850 16.00 14.50 . 4779 .0854
STATION 6
1 —29.9 2 in.Hg. a
Test 7
© -69.5°a 'p.
STATION 6 
P -29. 92 in.Hg.St
Test 8
8 -69. 5°j?.a
! apacity
'
Gauge P’ressure Tine C a,paucity Gauge Pressure Tine
in,Hgu Ratio secs. pF in. Hg. Ratio secs.
1.44 1,65 .0545 , 0404 0.69 0. 79 .0264 .0540
2.00 2a 20 •0 755 0 0452 2,00 2. 20 .0755 . 04 55
2.95 5.10 .1056 .0474 2.56 2.56 .0856 .0450
4.00 4.10 .1570 .0512 4.00 4.10 .1570 .0512
5.10 5.05 .1688 .0544 4. 67 4.67 .1561 .0550
6.00 5.85 .1955 .0569 6c 00 5.85 .1955 .0567
7.05 6.75 . 2256 .0594 56. 52 6.51 . 2109 .0580
8.00 7.60 . 2540 o 0619 8.00 7.60 . 2540 .0619
8.87 8. 50 . 2774 .0644 8.69 8.14 o 2721 .0640
10.00 9. 25 . 5092 .0672 10.00 9.25 .509 2 .0674
10.75 9.85 . 5292 .0694 11. 50 10.49 .5506- .0710
12.00 10.90 . 5645 .0721 12.00 10.90 . 5645 .0722
15.06 11. 76 . 5950 .0744 15.54 11.98 . 4004 . 0750
14.00 12.54 .4191 © 0764 14.00 12. 54 .4191 .0766
15.45 15.76 * 4599 .0794 15.10 15.46 . 4499 .0790
16.00 14.50 . 4779 .0811 16.00 14.50 . 4779 .0815
16.71 14.95 • 4997 .0844 16.41 14.65 .4896 .0850
STATION 6 Test 9 STATION 6 Test 10
P -29. 92 in.Hfe. 6 -69. 5°F. P -29.92 in.Hg. 9 -69.5°F.a a a a
Capacity Gauge Pressure Tune Capacity Gauge Pressure T in a
pF in. Hg, Ratio secs. pF in. Hg. Ratio secs.
1. 28 1. 38 .0461 .0407 1. 55 1.70 .0568 .04 52
2.00 2. 20 . 0735 .0443 2, 00 2.20 .0735 ,0440
2.76 2.97 .0993 . 0477 3.31 3.46 »1156 -0492
4.00 4.10 '.1370 .0520 4. 00 4.10 .1370 .0518
4.60 4. 60 .1537 .0537 5. 20 5,16 .1725 .0552
6.00 5.85 .1955 .0576 6.00 5.85 .1955 .0575
7.16 6.86 . 2293 .0607 7.13 6.83 . 2283 .0602
8,00 7.60 - 2 540 -0627 8.00 7.60 . 2540 .0656
9-00 8,40 - 2807 - 0657 9.00 8.40 . 2807 .0652
10-00 9.25 . 309 2 .0683 10.00 9.25 . 3092 .0679
11.37 10.37 • 3466 .0717 10.97 10.04 . 3356 .0702
12*00 10-90 • 3643 .0730 12.00 10.90 . 3643 ,0728
13. 25 11.90 . 3977 .0757 13-07 11*77 . 3934 -0752
14* 00 12.54 .4191 . 0773 14.00 12. 54 .4191 .0774
14.65 13.10 . 4378 .0787 15.24 13. 59 . 454-2 .0802
16-00 14.30 . 4779 .0820 16.00 14.30 .4779 .0823
16-60 •» A Cl Aj. H • cW . 4950 .0757 16.53 14.80 . 4946 .0852
49-
STATION 7 
-28.. 58 in.Hg*,
Test 1
© -69 °P a
STATION 7
P -29. 58 in.Hg.a
Test ;2
e -69°ia
pacity Gauge Pressure Tine Capacity Gauge Pressure Tine
tjF in. Hg, Ratio secs. pp in. Hg. Ratio secs.
1.46 1*65 .0558 * 0470 1. 54 1.70 .0575 .0460
2. 00 2. 20 o 074< .0501 2.00 2. 20 .0744 .0489
2.85 5.04 .1028 .0550 2.67 2.86 ,0967 .0520
4.00 4.10 .1586 .0574 4.00 4.10 .1586 .0565
5.00 4.99 .1687 .0600 4.84 4,84 .1656 .0590
6.00 5.85 .1978 .0628 6.00 5.85 .1978 . 0625
7c 0 2 6.75 . 2282 • 0660 7.05 6.75 . 2282 .0650
8.00 7. 60 . 2 569 .0688 8.00 7,60 . 2569 .068?
9.16 8.55 . 2890 .0720 8.90 8. 52 .2815 ,0710
10.00 9. 25 .5127 .0749 10.00 9.25 . 5127 .074 5
10.77 9.87 . 5557 .0770 10.97 10.02 . 5587 .0770
12.00 10.90 .5685 .0799 12.00 10.90 . 5685 .0796
15.00 11.70 , 5955 .0820 15.05 11.75 .5965 ,0820
14.00 12.54 . 4259 .0849 14.00 12. 54 . 4259 .0842
15.10 15.47 . 4554 .0890 15.07 15.44 . 4544 .0890
STATION 7 
-29. 58 in.Hg.
Test 5 
© -69°Fci ■*
ST AT
P -29.58 a
'ION 7
in. Hg.
Test 4
G -69°I a
Capacity Gauge Pressure Tine Capacity Gauge Pressure Tine
pF in, Hg,. Ratio secs, pF in.Hg, Ratio secs.
1.18 1.50 ,0459 .0455 1. 52 1.68 . 0568 .0472
2.00 2, 20 .0744 .0497 2,00 2. 20 .0744 .0496
2.47 2.65 .0889 . 0 515 5, 21 5. 57 .1159 .0542
4.00 4,10 ,1586 .0570 4.00 4.10 .1586 .0569
4. 60 4.60 .1555 , 0585 5,55 5,45 .1842 .0612
6C 00 5.85 ,1978 .0627 6.00 5.85 .1978 ,0627
6.75 6, 50 2197 o 0645 7.62 7. 25 . 2444 .0672
8.00 7. 60 . 2569 • 0686 8.00 7.60 . 2569 ,0684
8„62 8.10 .2758 .0705 9,55 8,68 . 2954 ,0752
10,00 9.25 .5127 .0748 10.00 9.25 .5127 .0748
10.62 9.74 . 5295 .0765 10,51 9. 50 .5212 .0782
12.00 10.90 . 5685 .0796 12.00 10.90 . 5685 .0798
12.90 11. 60 . 5922 .0815 15.50 12.10 .4091 .0852
14,00 12,54 . 4259 ,0842 14,00 12. 54 . 4259 .0845
-*50-
STATION 7 Test 5 STATION 7 Test 6
r -29,58 in,Hg, 0 —69 Fo P -2.9.58 u.nc Hg, © -69°Fa 8. a a.
Capacity Gauge Pressure Tine Capacity Gauge Prassure Tine
pF in. Hg, Ratio secs. pF in. Hg, Ratio secs,
0»80 0.91 .0308 . 0410 0.77 0.90 .0304 .0416
2.00 2. 20 .0744 .0491 2.00 2.20 .0744 .0493
3.07 3. 22 .1088 .0530 2.86 3.04 .1028 .0526
4.00 4.10 .1386 .0562 4.00 4.10 .1386 ,0560
5.33 5. 24 .1771 .0600 5.06 5,04 .1704 .0596
6.00 5.85 .1978 .0620 6.00 5,85 .1978 ,0623
7.47 7.10 o 2400 • 0660 7.12 6.82 .2306 , 0656
8. 00 7.60 * 2569 .0678 8.00 7. 60 . 2569 .0684
9c 35 8. 70 . 2941 .0720 9.00 8. 40 . 2840 .0716
10.00 9.25 .3127 * 0741 10.00 9. 25 .3127 ,0747
11.12 10.19 . 3445 .0770 10.75 9.85 . 3330 .0766
12.00 10.90 .3685 .0791 12.00 10.90 . 3685 .0794
13. 25 11* 90 . 4023 .0820 12.88 11, 60 . 3921 .0816
14,00 12. 54 . 4239 • 0849 14.00 12. 54 . 4239 ,0841
14, 56 13,00 . 4395 o 0890 15. 24 13, 60 . 4 598 .0886
STATION 7 Test 7 STATION 7 Test 8
P ~29o 58 in, Hg. © -69 °T0 P -29.58 in, Hg. © -69°I »a cl cl a
C ap ac i ty Gauge Pressure Tine Capacity Gauge Pressure Tine
pF in.Hg, Ratio secs. *pP in., Hg. Ratio secs.
0.83 0.94 .0317 .0425 0.77 0.90 .0304 ,0418
2.00 2. 20 .0744 .0495 2.00 2. 20 .0744 .0495
2.83 3.03 .1024 .0525 2.86 3,04 .1028 .0528
4.00 1.10 ,1386 .0565 4.00 4.10 .1386 .0572
4,77 4.78 ,1616 .0585 4.93 4.92 .1663 . 0592
6. 00 5.85 .1978 , 0623 6,00 5.85 .1978 .0628
6,84 6. 59 . 2228 .0645 7.10 6.80 . 2299 .0658
8.00 7.60 . 2569 . 0683 8.00 7.60 . 2569 .0688
. 8,75 8. 20 . 2772 .0705 8.94 8. 36 , 2826 .0718
10.00 9. 25 .3127 .0745 10,00 9. 25 . 3127 .0750
10,81 9.91 . 3350 • 076 5 11.00 10.06 . 3401 .0778
12.00 10.90 . 3695 .0793 12.00 10. 90 . 3685 .0799
13.03 11. 73 . 3965 .0815 13,03 11.73 . 3965 .0828
14, 00 12. 54 . 4239 .0840 14.00 12.54 . 4239 .0850
15,07 13.44 . 4544 .0885 14.93 13. 32 . 4503 .0888
STATION 7 Test 9 STATION 7 Test 10
P -29,58 a
irio Hg. 0 -69°i*Si • ? -29.58a in. Hg. © -69cl
0 -nx .
Capacity Gauge Pressure Tine Capacity Gauge Pressure Tine
pF ixi«Hg. Ratio secs. pF in. Hg. Ratio secs..
0, 46 0. 51 .0172 .0397 1. 26 1.40 .0473 .0466
2.00 2, 20 .0744 .0494 2.00 2.20 .0744 .0498
3,07 3. 22 .1089 .0537 3.18 3.30 .1116 ,■ 0 5 -4 6
4.00 4.10 .1386 .0568 4,00 4.10 .1386 „ 0571
5.25 5.20 .1758 .0607 4,87 4.87 ,1646 ,0596
6. 00 5.85 .1978 .0627 6.00 5.85 .1978 .0627
7.06 6.77 . 2289 .0657 7.07 6. 78 . 2292 . 0656
8.00 7.60 . 2569 .0687 8.00 7,60 . 2569 . 0687
9.00 8.40 . 2840 .0717 9,25 8.60 . 2907 ,0726
10. 00 9.25 .3127 .0749 10.00 9.25 .3127 .0747
10.71 9.82 . 3320 .0767 11.02 10.09 . 3411 .0776
. 12.00 10,90 . 3685 .0799 12.00 10.90 . 3685 ,0796
13.42 12.03 .4067 .0827 13.29 11.94 .4036 .0826
14.00 12.54 . 4239 # 0845 14.00
15.24
12. 54
13. 58
. 4 239 
. 4591
.0844
.0886
STATION 8 
-29*61 iruHg*
Test 1 
Q ~69°F9,
.-52.-
STAT
P -29.61a
ION 8 
in.Hg.
Test 2
© -69°F a 9
pacity Gauge Pressure Tine Capacity Gauge Pressure Tine
" pF in.Hg. Ratio secs. pF in. Hgp Ratio secs9
1. 20 1.35 .0456 .0507 0.46 0. 51 .0172 .0435
2, 00 2. 20 .0743 .0549 1.38 1. 55 .0524 .0515
2.93 3.10 .1047 .0587 2.00 2. 20 .0743 . 0549
4.00 4.10 .1385 .0623 3.07 3. 22 .1087 ,0595
5.07 5=. 05 .1705 .0641 4. 00 4.10 .1385 .0624
6.00 5.85 .1976 .0678 5.03 5.00 .1689 .0655
6.67 6.45 .2178 • 0697 6.00 5.85 .1976 .0680
7.33 7.02 . 2371 .0717 7.10 6.80 . 2296 .0715
8.00 7.60 . 2567 .0748 8.00 7.60 . 2567 * 0748
8.81 8.25 . 2786 .0777 9. 21 8.60 . 2904 .0795
10.00 9. 25 .3124 .0820 10.00 9.25 .3124 .0825
STATION 8
P -29.61 in.Hg.£1
Test 3
© -69°F a 0
STATION 8
P -29.61 in.Hg.a
Test 4
© -69°Ia
Capacity Gauge Pressure Tine Capacity Gauge Pressure Tine
pF in, Hg, Ratio secs. pF in. Hg. Ratio secs.
0® 55 0,64 ,0 216 .0450 0. 62 0.72 .0243 .0460
1.00 le 15 »0388 o 0500 1. 24 1.40 .0473 ,0510
2.00 2.20 ,0743 . 0545 2.00 2. 20 .0743 .0546
2.73 2. 92 .0986 .0580 2,80 3.00 .1013 ,0580
4.00 4.10 .1385 * 0620 4.00 4.10 .1385 .0620
5,00 4.99 .1685 .0650 5.00 4.99 ,1685 .0650
6. 00' 5.85 .1976 ,0678 6,00 5.85 .1976 .0677
6.75 6. 50 o 219 5 .0700 7.03 6.75 . 2280 .0710
7.37 7.04 . 2378 .0720 8.00 7.60 . 2567 .0743
8,00 7.60 . 2567 .0747 8.71 8.18 . 2763 .0770
8.85 8, 30 . 2803 .0780 9.30 8. 66 . 2925 .0800
10,00 9.25 .3124 .0820 10.00 9.25 .3124 .0822
.*-53.-
n n  ^
-29,61
L
TION 8 
iru Hg.
Test 5
© -69°Fa •
STATION 8 
P -29.61 in.Hg,Si
Test 6
© -69°Fa 0
tp ac i Ly Gauge Pressure Tine C sp ac i t y Gauge Pressure J-3 CD
pF in o Hg® Ratio secs. pF in. Hg. Ratio secs.
0.46 0. 51 .0172 .0442 0.38 0.45 .0152 ,042.5
1.00 1.15 .0388 .0482 0.69 0.79 .0267 ,0455
2.00 2. 20 .0743 . 0550 1.46 1.65 ,0557 .0515
2. 53 2.73 .0922 .0572 2.00 2o 20 • 0743 .0543
3.27 3.40 .1148 .0602 2.70 2.90 .0979 .0575
4.00 4.10 .1385 .0623 4.00 4.10 ,1385 .0618
5.31 5. 26 .1776 .0662 4.87 4.87 .1679 .0645
6.00 5.85 .1976 .0682 6.00 5,85 .1976 ,0675
6.75 6. 50 . 2195 .0702 7.00 6.73 . 2273 .0705
7.37 7.04 . 2378 .0732 8.00 7.60 . 2567 o 0744
8.00 7. 6 0 . 2567 .0752 8.81 8. 26 . 2790 .0775
9.03 8.44 . 28 50 .0793 10.00 9.25 .3124 .0817
10.00 9.25 .3124 .0825 11. 25 10. 27 . 3468 .0855
STATION 8 
-29,61 in.Hgc.i
Test 7 
0 -69°F6L o
STATION 8
? -29.61 in.Hg. a
Test 8
© -69CFa •
ipacity Gauge Pressure Tine Capac ity Gauge ?ressure Tine
pF in.Hg, Ratio secs. 'pF in, Hg:, Ratio secs.
0.77 0.90 .0304 ,0475 1,33 1. 50 .0507 .0516
1, 38 1. 55 , 0524 , Ool5 27 00 2. 20 .0743 .0552
2.00 2, 20 .0744 o 0545 3.06 3.2.0 .1081 .0596
2. 73 20 93 ,0989 .0575 4,00 4.10 .1385 .0626
4.00 4,10 .1385 .0619 5.00 4,99 .1685 .0656
4,93 4.92 .1662 .0645 6,00 5.85 .1976 .0682
6., 00 5,85 .1976 ,0672 7.31 7.00 . 2364 .0726
6.75 6. 50 .2195 ,0695 8.00 7.60 . 2567 .0750
1 o 50 7.15 .2415 ,0725 9,00 8.41 . 2840 .0786
8.00 7.60 . 2567 .0744 10.00 9.25 .3124 .0820
8.80 8.25 . 2786 .0775 11.12 10.19 . 3441 .0856
10.00 9. 25 .3124 .0816 12.00 10.90 .3681 .0887
STATION 8 Test 9 STATION 8 Test 10
-29, 61a in,Hg. © -69°i‘a •
P -29.61 a in. Hg.
© -69°F a *
apacity Gauge Pressure Tine Capacity Gauge Pressure Tine
pF in. Hg. Ratio secs. pF in. Hg. Ratio secs.
0.62 0.72 .0243 .0472 1. 46 1.65 .0557 .0524
1. 39 1.54 .0520 .0522 2.00 2. 20 o 0 7 4 3 .0547
2. 00 2o 20 .0743 .0548 3.10 3. 26 .1101 ,0394
2.59 20 73 .0922 .0572 4,00 4.10 .1385 .0622
4.00 4.10 .1385 , 0622 4. 56 4. 58 .1547 .064-4
5.07 5.05 .1706 . 06 52 6.00 5.85 .1976 ,0680
6.00 5,85 .1976 ,0676 6.83 6. 60 . 2229 . 0704
7.38 7.05 . 2381 ,0722 7.29 7.00 . 2364 .0724
8.00 7.60 . 2567 .0747 8.00 7.60 . 2567 .0750
8.71 8,18 . 2763 .0772 8.67 8.14 . 2749 .0774
10.00 9.25 .3124 .0819 9.45 8.80 . 2972 . 0804
12.00 10.90 .3681 .0882 10.00 9.25 .3124 .0822
STATION 8
? -29,61 in.Hg. a °
Test 11
0 -69°F a
STATION 8
P -29.61 in.Hg. a °
Test 12 
© -69cl'0
Capacity Gauge ?ressure Tine Capacity Gauge Pressure Tine
' pF j n. Hg., Ratio secs. pF in Hg, Ratio sees.
0,92 1.03 ,0311 .0482 0,92 1.03 .0311 .0486
2,00 2. 20 .0743 ,0544 2,00 2. 20 .0743 . 0551
2C 93 3.10 .1047 , 0582 2.80 3.00 .1013 .0586
4.00 4,10 .1385 .0618 4.00 4.10 .1385 , 0624
5.12 5.10 .1722 .0652 5.03 5,02 .1695 . 06 56
6,00 5.85 .1976 ,0676 6,00 5.85 .1976 .0680
7,11 6.80 . 2297 .0712 6.90 6.64 . 2.246 .0706
8.00 7, 60 . 2567 .0745 7.42 7.10 . 2398 .0726
8,73 8. 20 . 2769 .0772 8,00 7.60 . 2567 .0751
9.57 8.87 , 2996 .0802 8.85 8.30 .3124 .0823
10.00 9.25 .3124 .0819 10.00 9. 25 .3124 ,0823
- 55-
STATION 8 Test 13
r -29,61a
in. Pi , 9 -69°:a P.
Capacity Gauge ""ressure Tine
pF m . , Ratio secs.
0.72 0.82 .0277 .0468
1. 52 1. 70 .0574 .0528
2.00 2. 20 , 0743 .0551
3.00 3.17 .1071 .0588
4.00 4.10 .1385 .0622
4.88 4.88 .1648 .0648
6.00 5.85 .1976 .0677
6.93 6.66 . 2249 .0704
8 , 00 7.60 . 2567 .0743
8.62 8,10 . 2736 • 0768
9.37 8.71 . 2942 .0798
10.00 9.25 .3124 .0820
10.90 10.00 , 3377 .0848
Method of characteristics for non-steady 
one-dimensional flow
In general the flow is governed by the following 
equations:
1) Euler’s conservation of momentum
‘J ' f  63T+ i- + f  t  n  ( 7 1 )
at jjc W  55, r t> ~ w *x 1
2) The equation of continuity (conservation of mass)
3) Conservation of energy equation
(7.3)
Additionally the thermodynamic properties of the 
fluid which is assumed to be a perfect gas with constant 
specific heats are connected through the following rela­
tionships :
d (Wt (7.4a)
dPp; It 4? -c|c*/(e (7.4b)
(7.40)
0
a*>£p « & R T  (7.4d)
By substitution of (7.4a) and (7.4d) into (7.2) the de­
rivatives of with respect to x and t can be eliminated
-57
( 7. 5)
By combining the equation of energy with (7.4c) (7*4b) 
and (7.4d) the derivatives of h can be aliminated and the 
equation written out in terms of derivatives of p^'^and (S/R)
'Y'ltf + f  5p +• fa4 ?£&) * n (7.6)
3x *  f 3i  5 3x 1 Jt
Equations (7.1);(7.5) and (7.6) form a set of three par­
tial differential aquations of the hyperbolic typejsee ref* 5) 
The geometrical representation-of the solution is a surface 
over an { x , t ^  ) space* and a characteristic is a line ta­
ngent to two such integral surfaces , the property of the 
line being that there is a discontinuity of the derivati­
ves in the direction normal to the line.
As there are three equations with six partial deriva­
tives, in order to bring the number of equations to six, 
the following three additional equations can be written:
cJiV aru...* dx +Sx itdt (7.7a)
d p  *  § f  d t (7.7b)
d (s/R], m $ ) . dx + yj*) d t
dK  O t (7.7c)
The coefficients of the partial derivatives together with 
the free expressions form a matrix
dx
0
0
1
0
I f
d t
0
0
£a2
<r
0
dx
0
0
I
a2
0
0
dt
0
0 0 
.•$!&) -S&1)
•A2 -2
s
a
T
o
0
dx
0
0
clt
_f£T
¥ 5x 
0
clp
The discontinuity in the derivatives implies the vani­
shing of the denominator determinant. This determinant 
formed by the first six columns of the matrix when equ­
ated to zero yield the following equation
("Id.t - d.ic') [pfdt 'dx)3- ®2dt2j r 0 (7.8)
The three solutions of equation (7.8) are
clx * -\p (7.8a)
dt
» -f+0|. (7.9b)
dt
-~f-a (7.9c)d t
These are the equations of the characteristics lines , 
equation (7.9a) determines the path of the particle of the 
fluid; equations (7.9b and (7.9c) are so called Mach line 
'equations for the right and left hand facing the disturba­
nces respectively*.
If a suitable column of the matrix be neglected and the 
determinant thus formed be set equal to zero the following 
three compatibility equations will be obtained , for the 
path line of the particle :
A < *M   = lift! (7.10a)
dt
for the right hand facing disturbance
+ x. a-rff «(M) . jJ£L 17$-11 * (7.10b)
d t  a<; d t Q <JX  Sc. I1 ; -rJ
and for the left hand facing disturbance
In cpse of the isentropic flow, equations (7,1) and
the denvotive*
(7.3) can be reduced to single equation,^of entropy are 
equal to zero, the matrix simplifies to four rows and 
five columns. Only two characteristic lines (7.9b &c) 
ere obtained as solutions ,equation (7.9a) no longer 
representing a characteristic. Therefore there will 
only be two compatibility equations, from equation (7.10b) 
by introducing (7.4b)
<££ + 2  . da _ a dtf/fi) _ _ erf (K in g ) . szffa-j) . ft."]
eft 5-1 dt i cit " d x  JDa u ; rj
The flow being isentropic expression containing s and f 
vanish hence
dJC + JL 4,d ~ _ dikii)cat I- f 3i clx
If in addition the crossectional area of the duct be 
constant
dt s-i St
or
«- X '1 I i i i \dT 2 (7.11a)
Similarly from (7.10c)
da _ / _ \
clT £ (7.11b)
The equations of characteristics together with their 
compatibility equations form the basis of calculations of 
the parameters of flow and state.
In case of the isentropic flow' the calculations' may be
performed either graphically or by algebraic computations. 
The graphical method developed by the P. de Haller and
others , is based on the construction of two simultaneus
diagrams one in the a,^coordinates representing the 
state of the fluid and the other in the x,t, coordinates 
representing the movement of the disturbance with time'
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together with the movement of the particles of fluid.
From equations (7.1l)it is apparent that the a?1 dia­
gram will consist of two families of straight lines. The 
lines representing the paths of the particles of fluid 
and the movement of the disturbance on the diagram will 
depend on the instanteneus vad.ues of the parameters of 
state.
As an example, a, compressive wave generated by a mo­
ving piston travelling along a pipe of constant cres- 
section may be considered . With reference to Fig 5 the 
left hand diagram represents the state:of the fluid in 
the a., T  coordinates.As the flow is assumed isentropic;
The state of the fluid is uniquely determined for any of 
the points. The changes of state are possible only along 
the lines. da +if_1 
dT'" 2
The states of the fluid in a compressive wave i.e. 
right hand facing disturbance are specified by a series 
of lines of the "minus” family thus they can be represen­
ted by one of the lines of the "plus” family.
The initial state of the gas in the pipe was a^  - a^
and T  1« 0 , this determining the line along which the 
state of the fluid is changing.
Refering to the position diagram it is seen that the 
boundary curve is determined by the piston motion on one
side and the open end of the pipe on the other.
The disturbances will travel with the velocity determined
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The velocity of the disturbance is thus determined by 
the. instantaneous state of the- fluid, the first distur­
bance being propelled with the velocity of sound of the 
undisturbed, medium. It is apparent that the velocity of 
propagation of each succesive disturbance is greater than 
that of the proceeding one therefore- if the pipe be suf- 
ficently long or the initial acceleration of the piston 
sufficently high (of the order of 500-1000 g) a shock 
pressure jump may be formed (see Fig*5a)* After reaching 
the end of the pipe the compression wave is reflected as 
rarefaction disturbance(left hand facing disturbance)tra­
velling with the velocity determined by equation (7.9c), 
the state of the fluid will be then determined by the 
’’positive’1 family of characteristics and will therefore 
be represented by one of the ’’negative” lines0 A net of 
characteristics is thus formed. Ideally the whole field 
should be covered by infinite number of characteristics 
this however being impracticable the points on the state 
diagram are chosen in such a way as to approximate with 
the accuracy required the true change‘o’f state. By drawing 
a characteristics diagram it is assumed that the state of 
the fluid is changed not continually but by a series of 
little jumps, the state in front and behind a jump being 
described by the points on the state diagram. The points 
on the state diagram correspond to the areas on the po­
sition diagram, the discontinuities in the state of the 
gas corresponding to the characteristic lines.
The motion of the particles of the fluid will be repre­
sented by the lines:
2^ =
dt
Initially this line will be determined by the motion of
-62-
the piston but as the disturbance travels to the right 
the path of the particle will deviate from its initial 
shapep
The calculations of the parameters of state and of 
the prapagation of the disturbances can be x-)erf oriTled by 
an analytic method , provided 'that the piston displacement 
curve can be represented as a continous function say :
x ♦ f(T)
The velocity of the particle will then be determined by 
the velocity of the piston :
i '  *  f1 (t)
The relationship between the velocity of flow and sound 
velocity integrated between the start of the motion and 
the instant at which velocity of particle has a value if) 
gives : .
1-I +ra. - a * v,l a  2
or
al T "  f 1 ^ Tl^  * aa
Thus the value of sound velocity and hence the tempera^ 
ture and pressure can be calculated*
The velocity of propagation of the disturbance is given
by:
dt fia
or substituting the values for velocity of flow and 
sound found from the piston displacement equation
dX f + H ] PI t m\
d t  , a a * L 1 - — J f ' ( T )
Integrated from the position of piston at which the dis­
turbance is started gives (capital letters refer to the 
points on the piston displacement curve.) :
x - a -rl * &~!f' (T-. )
^ a ^ 2 j. 1
•5?
Thus the position of the disturbance at the time t can 
be determined in terms of the; piston velocity cr any of 
the parameters of state. From equation (7.12) it is self 
evident that for the isentropic flow the pressure distur­
bance corresponds to the temperature and density distur­
bance, and the axis on the state diagram can be replaced 
by a suitably scaled pressure axis. It will be shown la­
ter that this is not the case Af the flow is not isentro­
pic.
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8) Calculations based on the
■assumption of isentropic flow
The configuration and the pattern of flow in the ap­
paratus used in the experiments is different and sligh­
tly more complicated than the one described in the pre­
ceding paragraph* The pressure wave although initiated 
by the piston has to; pass through th e nozzle before re­
aching the testing pipe* The configuration is sketched 
on the state diagram on Fig. 6. In the cylinder of the 
apparatus the pressure changes with time according to 
equation (5.1) this is represented on the left hand si­
de of the diagram. According tc'the equation (7.12) the 
pressure axis can be replaced by a suitably scaled velo 
city of sound axis, this forming a part of the character­
istics diagram,The flow through the nozzle is represen­
ted by a series of elipses. Thus the state of the gas in 
the entrance to the pipe is determined by the equation 
of energy of the fluid flowing through the nozzle :
and the equation for the positive wave(7.11) 
da fl-1
dT' 2
which integrated from the atmospheric conditions and
Now equation (8.1) can be transformed by substitution of
2
(8.1)
made dimensionless by dividing by a gives:a
oc - l s «=i M (8. 2)
(7.4c) nit-0 ;  ^ 2
ao a 2
~65~
and again making the variable dimensionless
2 2 fl.,2
~ al- = 2 ~ V (8.1a)
Squaring equation (8.2) and substituting into(8.1a) so 
as to eliminate \J a. quadra,tic in terms of c< is obtained:
(3 +1 )°c2- 4 cv- 2 - ( 6 - l ) r i „ 2 + 0
this when solved for g( gives:
(9 *1)
as c*> 1 only the positive sign of the expression under 
the square root is considered :
- 2»y4-(».l)[2-(8-l)o4<.2] (8_ 3 j
(6+1 )
solving (8.2) for e* in terms of p and substituting into
^ , 2 (8.3a)
( r - D
however from the isentropic relationship
2 M
cX 9 JJ 6
and the equation (8 .3 ) and ( 8 0 3a) may be rewritten and 
simplified to:
-2 i)jr0¥-2(j-i) (8>4)
T W 7
P . 2 i i = » J ± G S ^ i 5 i L  (8. 4a)
U  -1)
As it was mentioned earlier the pressure time relation­
ship in the cylinder is expressed by equation (5.1) which 
when made dimensionless by dividing by p changes to
jr 35 m tn - 1 (8.5)•v 0
Substituting (8*5) into (8*4) and (8.4a)
(5+1) (8.6)
(1 -8 ) +|(g2-l)(mt" +l)Sr-2((5'-l)
U * 2 -------   ~---2-------------- (8,6a)
(S -1)
The characteristic line for the right facing disturbance 
(7.9b):
~*-f+ adt •
Integrating from the distance xo ~0 gives 
x » (rY+a) (t-tQ )
or
x?a (P+*0(t-t ) (8.7)o ' o
Equations (8.6) and i8„6a) after substitution to (8.7) 
give:
x = a£i2ni(.!iii±il?z2(*uL. (t_t ) , ,
o (§-l) ' o (8.6)
\ * ‘ '
Equation (8.6) when solved for the expression \inder squ­
are root and substituted into (8.8) and solved for to
gj ves:
x (8-1)
Iot0 56 t a (X+1K-2 (8.9)
Equation (8 0 6 ) solved for t ,equated to (8.9) and solved 
for t :
Substituting (n„2) into (8.10) gives:
r
t=! IT}
'Pv- 1
* + l) (8.10a)
X
Substituting oCsjf zz into (8.10) gives:
As mentioned earlier the values of constants m prtd n as 
obtained from the relationship between the pressure and 
time in the cylinder are n * 2.7 m ~ 871 the equations 
(8.10) ;(8.10a); (8.10b) become when S is assumed to be 
constant and equal to 1.4'
The method of calculation is as follows. The values of 
x are pre-set,determined by the spacing of test stations, 
a suitable value of JI, ©< mud P are selected and the cor­
responding tiroes calculated. The result of the calculations
if 1. 2*.-l) 2 *0.2] 2g/6)-3, 5-l
1/2,7
of equations (8,10); (-3.10a); (8.10b) are tabulated on 
Table V,A-C respectively. The results obtained from equa­
tion (8.10b) are also plotted on the Figs 11-19 together 
with the experimental results.
The compression wave after reaching the end of the pi­
pe is reflected as a rarefaction. The velocity of distur­
bance is indicated by the equation (7.9c)
dx
ov‘
dx
jr! I *“ a*dt '
a (V - o( ) (8.11)dt 'a
The equations (8.10) and (8.10a) can not be solved ana­
lytically for c* and y therefore the integration has to be 
performed by the approximate method. The values of c* and 
^ can be calculated for the initial point (the end of the 
pipe), from the equation (8.11) the inclination of the line 
is known.
Taking the small increroeiit aoc a corresponding increment 
can be calculated. Thus the values of x and t at point 
x  ^+ asc are known. Calling those x^and t^ and substituting 
to equations (8.10) and (8.10a) the values of and
can be calculated. The procedure is then repeated until 
the approximation to the whole of the curve is obtained. 
Thus limits the validity of the equations (8.10) ;(8.10a) 
and (8.10b) are determined.
In practice the calculation of ok and V from the 
known values of x and t is a lenghty pr cess involving the 
use of the trial and error method, therefore it is much 
more convenient to pre-set the. values of x and plot the 
curves of t against ©C and V for those distances and
-59-
obtain the values from those curves* This is the method 
adopted in this case* The results of calculations are shO' 
wn in the tabular form on Table VI and the curve is plo­
tted on Fig* 21.
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TABLE V A
The time taken by the- velocity of -sound, disturbance
to reach a section: in the test pipe
Sound
Vel,
Ratio
i
i
1
Section at Distance
ft
a/ad j 1 2 3 4 5 6 7 8
1 0.125! 2.125 4.125 6.125 8.125 14,125 20,125 26.125
1.000 1*00000 .00184 ,00366 . 00 54 2 ,00720 .01251 .01783 * 02316
1. 005 1,02383 o 02561 .02738 .02910 ,03082 o 03597 .04114 «04631
1.010 1.03112 o 0328 5 .03457 .03624 .03791 .04292 .04794 .05297
1.015 1*03650 • 03819 .03986 .04148 .04310 .04798 .05286 .05775
1,020 L 04103 .04267 .044 30 .04597 .04746 .05220 .05695 ,06171
1.025 .04 501 .04662 .04819 .04973 .05127 .05589 .06052 • 06515
1.030 i. 04867 .05023 .05177 .05327 0 05477 ,05927 .06378 .06830
1,035 u 05205 .05357 .05507 ,05653 ,05800 .06239 .06679 .07119
1.040 J. 05528 .05676 .05823 * 05965 ,06108 .06537 .06966 .07396
1.045 ,.05835 .05980 . 06123 r. 06 26 2 .06402 ,06820 ,07239 .07659
1.050 .06133 .06274 .06414 . 06 550 • 06686 .07095 .07505 .07914
1.055 .064 20 ,06558 .06695 .06828 • 06961 .07361 ,07761 a 08161
1.060 906703 ,06838 .06972 ,07102 *07232 ,07623 .08014 .08406
1.065 .06979 ,07111 .07242 ,07369 .07497 .07879 .08262 .08645
1,070 .07252 ,07381 .07510 r07634 .07759 .08133 .08508 .08883
1,075 „07 520 *07647 P 07772 .07894 o08016 .08383 .08730 .09117
1,080 .07788 .07912 ,06C35 .08154 .08274 .08633 .08993 ,09353
1.085 ,08052 .0817 4 ,08294 c 08411 308529 e08880 .09233 .09 586
1.090 .08316 .08435 o03554 • 08668 .08783 .09128 .09474 .09820
1.095 .08579 .08696 * 08812 ,08924 .09037 .09376 .09715 .100-54
1.100 .08841 .08956 .09070 ,09180 „09291 ,09623 ,09956 .102.88
n~i
• 11
TABLE V A
'The time taken by the velocity" of -sound• disturbance
/0
Sound
Yel.
Katio
— -- —
to reach a section in the
Section at Distance 
ft
test pipe
— — —
....
a/a 9 10 11 12 13 14 15 160. 29.125 32.125 35.125 38.125 41.125 44.125 47,125 50.000
1.000
, . ..
e02582 o0 2848 .03114' .03380 ,03646 • 03912 »04178 • 044 33
1.005 .04890 .05148 ,05406 .05664 ,05923 ,06181 ,06439 06687
1.010 • 0 5^48 .05799 .06050 .06301 .06551 ,06802 .07053 o 0729^
1.015 • 06019 .06263 .06507 ,06751 o 0699 5 .07239 • 0 7463 .07716
1.020 .06408 ,06646 .06883 ,07121 .07358 ,07596 .07933 e08061
1.025 .,06746 .06978 .07209 .07440 .07671 .07903 .08134 .08356
1.030 .07055 .07281 .07506 .07731 .07957 .08182 * 08408 .08624
1.035 .07339 .07559 .07778 .07998 ,OS218 .08438 »086 57 .08868
1.040 .07510 ,07825 .08039 .08253 f 08468 ,08682 .08897 .09102
1.045 .07368 .08077 .06287 .08496 .08706 .08915 .09124
1.050 .08119 .06324 ,08525 .08733 .08937 .09142
1.055 .08361 .08561 ,08761 .08961 .09161 .09361
1.060 ,08601 .06 797 .08993 .09188 .09384
1.065 ,06836 „090 26 .09219 .09410 .09602
1,070 ,09070 .09256 .09445 .09632
1,075 ,09300 ,09464 .09667 .09851
1.0&0 .09 533 *09712 .09692
1.065 .09761 ,09938 »10114
1,090 .09992 ,10165
1.095 .10223 .10393
1,100 .10455
The disturbance will reach the end of the pipe 
at the time 0,04604 secs, after the beginning 
of motion of the piston .
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TABLE V B
The time taken by the flow velocity disturbance to
reach a section in the test pipe
11  o w !
Vel. !j
K c t' o f 7"
"% £  ; 0.1?5
................... - ... ...................................
Section at distance
2 3 4 5 
2.125 4.125 6.125 8,125
ft
_ _ _
14.125
7
20.125
Q
26.125
u
a . o o o  L o o o o o .00184 .00366 .00542 .00720 .012 51 .01783 ,02316
0.010 .01784 .01966 .02145 .02320 .02495 .03020 .03546 .03972
0.020 .02341 .02521 .02698 .02871 .03044 .03563 .04083 .04603
0.030 .02611 .02.788 .02964 .03135 .03306 .03819 .04332 ,04846
0.040 .02862 .03037 .03211 .03380 .03549 .04056 .04564 .05072
0.060 .03349 .03520 .03690 .03855 • 04020 .04 516 .05012 .05509
0.080 .03742 . 03910 * 04077 .04239 ,04401 • 04888 .05375 .05773
0.100 .0412 2 .04286 .044r9 ,04 606 .04 765 .0 52 39 .05714 .06190
0.120 .04439 .04600 .04759 .04913 .C 5068 .05533 .05998 .06463
0.140 .04728 .04885 .05041 .05192 .05344 .05799 .06255 .06711
0.160 .05010 .05164 .05317 .CM 6 5 .0 5814 .06060 .06506 ,06952
o . i e o .05275 .05426 .05576 .05721 .05867 .06304 .06742 .07180
0. 200 .05523 ,0 5671 .0 5818 .05960 .06103 .06532 .06961 .07391
0. 220 .05773 .05918 .06062 .06202 .06342 .06763 .07184 .07605
0. 240 .06013 .06156 .06297 „06434 .06572 .06984 .07398 .07811
0. 260 .06247 .06387 .06526 ,06660 .06796 .07201 .07606 .08012
0.280 .05476 .06514 .06750 .06882 .0 7005 .07413 .07811 .08210
0. 300 .06701 .06836 .06970 ,07100 .07230 .07621 .08012 .06404
0. 320 .06923 .07056 .07187 .07315 .07443 .07827 .08211 .08596
0. 340 .07141 .07272 .07401 .07525 .07652 .08030 .08407 .08790
0. 360 .07358 .07486 .07613 .07737 .07861 .08232 .08603 .08975
0. 360 .07572 .07698 .07823 ,07945 .08066 .084 31 .08797 .09163
0. 400 .07787 .07911 ,06034 .08153 .08273 .08632 .08992 .09352
0.420 .07997 ,08119 ,08240 .08356 .064 7 6 .06829 .09183 .09537
0.440 .06209 .06329 .08446 .08 564 .06680 .09028 .09376 .09715
0. 4 60 .0S420 .06536 .06656 .06769 ,08884 .09226 .09569 .09912
0. 480 .08629 .06746 .06661 .06973 .09066 .09423 . 09 760 .10098
0. 500 .08839 .089 54 .09068 .09176 .09289 .09621 .09954 .10286
TABLE V B
The time taken by the flow velocity disturbance to
reach a section in the test pipe
.blow Section at Distance •Vt1Vel.
■Ratio
SM
9
29.125
" 10 
32,125
11
35.125
12
38.125
13
41.125
_ _  -
44,125
" 15 
47.125
16
50.000
0.000 .02582 .02848 .03114 .03380 • 03646 .03912 .04178 .04433
0 .0 : 0 . u 4 3 3 5 .04598 .04861 .05124 .05386 .05649 .05912 ,06164
0.000 .04863 ,05122 .05382 .05642 .05901 .06161 .06421 .06680
0. 030 .05103 .05360 .05617 .05873 .06130 .06387 .0664 3 .06889
0.040 *05326 .05580 .05833 .06087 .06341 .06595 .06848 .07092
0.060 .05757 .06006 .06254 .06502 .06750 .06998 .07246 .07484
0.080 .06016 .06260 .06503 .06707 .06990 .07234 .07178 .07711
6.100 .06427 .06666 .06902 .07140 .07377 .07615 .07852
0.120 .06696 .06928 .07161 .07393 ,07626 .07858 .08091
0.140 .06939 .07166 .07394 .07622 .07850 .060 77 .08305
0.160 .07176 .07399 .07622 .0784 5 .08068 .08292
0.180 .07398 .07617 .07836 .03055 .08273 .08492
0. 200 .07605 ,07820 .08034 .08249 .08463 .08677
0.220 .07816 .08026 .08236 .08447 .08657
0. 240 ,08018 .08224 .064 31 .08637 .08644
0. 260 .06215 ,06418 .08620 .06823 .09026
0. 280 .08409 .08608 .06807 .09006
0. 300 .06599 .08795 .08991 .09186
0. 320 .06786 .08981 .09173 ,09365
0. 340 .06975 .09164 ,09352
Oc 360 .09161 .09347 .09532
0. 380 .09345 .09528 .09711
0. 400 .09 531 .09711
0.420 .09 714 .09891
0. 440 .09899 .10013
0.460 .10084
0.480 .10207
0. 500 .10453
The disturbance will reach the end of the pipe 
at the time of 0o04 604 secs, after the start of 
the piston motion*
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The time taken '"by the pressure disturbance to reach
a section in the test pipe
Pres­
sure
Ratio
Section at Distance ft.
fyp - 1 2. 3 4 5 6 7 8' M
?jr
1.125 2.125 4.125 6.125 8.125 14.125 20.125 26.125
1.000 . >.00000 •00184 ,00366 .00542 .00720 .01251 .01783 ,02316
1.020 ,01923 .02104 .02283 .02456 .02631 .03153 .03676 .04200
1.040 .02485 .02663 .02839 .03010 .03181 .03695 .04210 .04 726
1.060 .02909 .(53084 .03257 .03425 .03594 .04100 . 7 4606 .05114
1.080 .03239 .03411 .03582 .03748 .03914 .04412 .04911 .0 541],
1.100 .03579 .03749 .03917 .04080 .04244 .04735 .05227 ,05719
1.120 .03776 .03943 .04109 .04270 .044 31 .04915 .05400 «05885
1.140 .04007 .04172 .04336 .04494 .04653 .05131 .05608 .06087
1.160 .04225 .04388 .04549 .04705 .04862 .05333 .05804 ,06276
1.180 .04 418 .04578 .04738 .04892 ,05047 .05512 .05977 .06443
1.200 , 04 608 .04767 .04924 .05076 .05229 .05688 .06147 ,06607
1. 220 .04786 .04943 .05098 .05248 .05399 .05853 .06306 .06760
1. 240 .04949 .05104 .05257 .05406 .05555 .06003 .06451 ,06900
1.260 .05111 .05264 • 0 5415 . 05562 .05710 .06152 .06595 .070 37
1.280 .05268 o05419 .05569 .05714 .0 5860 . 062.97 ,06735 .07173
1. 300 .05413 .05563 .05711 .05854 .05998 .06431 .06864 ,07297
1. 320 .05559 .05707 .05853 .05995 .06138 .06565 .06994 .07422
1. 340 .05692 .05838 a 6 5983 . 06124 ,0626 5 .06688 . 071.1.2 .07536
1. 360 .05830 .05975 .06118 .06257 .06397 .06815 .07235 . 0765'
1. 360 .05959 .06102 .06244 .06382 .06520 .06934 .07349 .07765
1. 400 .06092 .06234 .06374 .06511 ,06647 ,07057 .07468 ,07879
1.420 .06216 .06356 .06496 .06631 .06766 .07172 .07579 .07986
1.440 .06334 .06473 .06611 .06745 .06879 .07281 .07684 .08087
1.4 60 .064 55 .06593 .06729 .06862 .0699 5 .07393 .07792 .08192
1. 480 .06566 .06703 .06838 .06969 .07101 .07496 .07891 .08287
1. 500 .06679 .06814 .06958 .07079 .07209 .07601 .07993 .08385
1. 520 .06793 .06927 .07060 .07189 .07318 .07706 .08095 .08484
1. 540 .06916 .07049 .07181 .07309 .07437 .07822 .08207 .08592
1. 560 .07012 .07144 .07274 .07401 .07528 .07910 .08292 ,08674
1. 580 .07122 .07253 .07382 .07508 .07634 .08012 .08391 .08770
1. 6 0 0 .07229 .07359 .07487 .07612 .07737 ,08112 .08487 .08863
1.636 .07650 .07778 .07905 .08028 .08151 ,08 522 ,08893 .09264
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TABLE VI
Isentropic reflected wave
X t 12 A  X A t
f t . s e c s f t . s e c s  ,
51.927 .0466 4 1.0000 0.0000 1.5270 .00171
50.000 .04775 1.0002 0.0010 2.8750 .002 55
47,125 .05030 1.0006 0,0030 3. 0000 .00267
44.125 .0525 7 1.0012 0.0060 3.0000 .00268
41.125 .05565 1.0026 0.0130 3.0000 .00270
56.125 .05835 1.0056 0.0280 3.0000 .002 72
35.125 .06107 1.0104 0.0 5 20 3.0000 .00278
32.125 .06385 1.0164 0.0820 3.0000 .00284
29.125 .06665 1.0236 0.1180 3.0000 .0025 4
26.125 0 6 S 6 3 1.0322 0.1610 6.0000 .00612
20.12.5 .07575 1.0512 0.2570 6.0000 .00669
14.125 .06244 1.0724 0.3620 6.0000 .00749
8.125 .06953
9) Calculations of pressure drop along 
the isentropic particle path
Vs/hen the fluid is flowing in a duct its velocity at 
the walls is zero and increases towards the centre, the 
rate of increase depending on whether the flow is laminar 
or turbulent • The friction which is due to the viscosity 
of fluid can be assumed to be concentrated at the walls
of the duct, the effect of it is to cause the drop of pre­
ssure in the flow. If it be assumed that in the case of 
the unsteady flow the strength of the impulse be consta­
nt with distance travelled by it any drop in pressure can
be assumed to be entirely due to the friction between the
particles of the flowing fluid and the walls of the duct.
Now according to the equation (7.10a) the relationship 
between the entropy increase of the fluid , time and the 
state parameters of the fluid is given by:
d(,S/R) - at
D a"
substituting into this relationship the equation (7.4b) 
the pressure change of the flow along the particle path 
will be obtained
-"f^r ~  ~ dt (9 .1)P 6-1 a j) a
The path of a particle whether the flow is assumed 
to be isentropic or not is given by the equation(7.9a)
- l i ­
the difference between the paths in the two cases is due 
only to the instantaneous value of the velocity of flow. 
Even with the assumption of isentropic flow (equation (7,9a) 
can not be integrated directly but the method of finite 
differences has to be used, the equation is written in the 
f orm:
A X s  Y ’&t (9,2)
After plotting the value of the velocity of flow obtained 
from equation (8.10a) in the t-x coordinates , and choosing 
a suitable starting point preferably on the boundary bet­
ween the stationary and moving fluid the value for is
set and from the known value of Y  the distance increment 
is calculated. From the point thus obtained the procedure 
is repeated until a whole path of the particle is determi­
ned. The accuracy of the finally obtained path being inc­
reased if the time increment is made sufficiently small.
The results of the calculations thus performed are given 
on Table VII some of the particle paths are plotted on 
Fig. 21.
Now in order to determine the variation in p: essure, 
equation (9.1) is integrated along the path of the part-■I 
icle using the method of the finite differences. The equ­
ation is rewritten in the form:
£2.= 21_ Aa _ mil it ,a ^
p X-l a D a* 4t C-3)
A suitable interval a a is chosen and the first member of 
the right hand side of equation (9.3) is calculated, the 
value of the coefficient of friction f is then determi­
ned by method of trial and error and the second merpber *•
when*multiplied by the value of &t corresponding to the 
previously chosen &a is computed,-,
The values of the variables and their increment being 
taken from the previously plotted graph,, The value of 
being thus found , the pressure along the particle path 
can be determined. The procedure is repeated for the num­
ber of particles whose undisturbed positions are suitably 
spaced along the first few feet of the test pipe. The re­
sults of the calculations are given on Table VIII . The 
curves plotted on Figs. 11-19. are interpolated and taken 
from a number of particle paths crossing the respective 
test station. The reason for the calculations being per­
formed for the particles whose stationary positions were 
within a first few feet from the entrance to the pipe was 
the assumption of the constancy of the strength of the 
disturbance, this could be assumed reasonable anly on a 
comparatively short lengths of the pipe.
TABLSJ/nlal
Isentropic Particle Path
Particle st,ationa.ny Particle stationary
at 0.125 ft. at 1,125 ft
t i m e A X X 1 } AX X
s e c s ft f t Y ft f t V
.015 0.01128 0.1565 .0070 0.0085 1.1285 . 0050
.020 0.05948 0.1758 .0150 0.0282 1.1567 .0120
.025 0.07552 0.2491 .0250 0.6677 1.2245 .0 2,20
.050 0.14100 0.5901 .0450 0.1241 1.5484 ,0410
.055 0.25580 0.6459 .0655 0. 2512 1.5796 .0615
.040 0.56942 1.0155 .089 5 0.5469 1.9265 .08 50
.045 0.50478 1.5181 .1165 0.4794 2. 4059 .1120
.050 0.65706 2.1751 .1490 0.6575 5.0452 .1450
.0 55 0.84056 5.0155 .1820 0.8061 5.8495 .1750
.06b 1.02648 4.0420 .2160 0.9865 4.8558 . 2.09 5
.065 1.21824 5. 2602 . 2510 1.1820 6.0178 . 2460
.070 1.41564 6.6759 . 2870 1.5880 7. 59 58 , 284 0
. 075 1.61860 8.2945 . 5250 1.6020 8.9978 , 5200
.080 1.85500 10.1275 . 5600 1.8050 10.8028 . 5560
.085 2,05040 12.1579 . 5980 2.0078 12.8106 . 5940
.090 2.25902 14.5970 2.1660 14.9766
Particle station.ary Particle s t a t i o n a r y
at 2.125 ft at 5.120 ft
time AX X A X ~JL
secs ft ft V ft ft i-'
.015 0.0068 2.1268 . 0040 0.0045 5.1245 .0040
.020 0.0225 2.1495 . 0110 0,0226 5.1471 .0090
.025 0.0620 2. 2115 . 0180 0. 0507 5.1978 ,0180
.050 0.1015 2. 5128 .0590 0.1015 5. 2995 .0540
.055 0.2200 2.5428 .0590 0.1918 5.4911 ,0550
• 040 0.5528 2.86 56 ,0820 0.5102 5.8015 ,0780
.045 0.4625 5.5271 ,1070 0.4599 4.2412 .1050
.050 0.6055 5.9506 .1580 0.5809 4.8221 .1550
.055 0.7785 4,£089 .1700 0.7495 5.5716 .1650
.060 0.9588 5. 6577 , 2060 0.9505 S. 50 21 . 20 20
.065 1.1618 6.8195 . 24 20 1.1595 7.6414 . 2560
.070 1.5650 8.1845 . 2600 1.5515 8.9729 . 2740
.075 1.5790 9.7655 .5150 1.5460 10.5189 . 5100
. 080 1.7760 11.5595 . 5520 1.7495 12. 2684 . 5480
.085 1.9850 15. 5245 .5880 1.9650 14. 2.514
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TABLE VII (b)
Isentropic Per t i d e  Path
Particle stationary Particl e stationary
at 4.120 ft a.t 5.120 ft
time AX X A X X
secs ft ft V ft ft k
,015 0.0020 4.1220 .0010 0.0011 5.1211 .0020
.020 0.014S 4.1169 .0060 0,0100 5.1111 .0070
.025 0.0451 4.1820 .0140 0.019 5 5.1708 .0140
.010 0.0790 4.2610 .0110 0.0789 5.2497 .0260
.015 0.1749 4.4159 .0510 0.1467 5.1964 .0480
.040 0.2876 4.7215 .0740 0.2707 5. 6671 .0690
.04 5 0.4061 5.1296 .0980 0.1891 6.0562 . 0S4D
.050 0.5527 5.6811 .1260 0.5102 6.5864 .1240
.055 0.7219 6.4 012 .1600 0.6S94 7.2858 .1560
.060 0.90 24 7.1055 .1970 0,8798 8.1656 .1910
.065 1.1167 8.4221 . 2122 1,0772 9. 2428 . 2270
.070 1.1085 9.7108 . 2700 1.2801 10.4211 . 2650
.075 1.5228 11.2516 .1060 1.4946 11.9177 . 1010
.000 1.72 58 12. 9794 . 1410 1.6976 11.6091 .1190
.085 1.9145 14.9119
Particle stationary Particl e stationary
at 6.120 ft at. 7.120 ft
t in e A X X AX X
sacs ft ft V ■ .ft ft
.015 p. 0011 6.1211 .0020 0.0010 7.1210 .0015
.020 0,0100 6.1111 .0060 0.0075 7.1285 .0050
.025 0.0118 6.1651 .0110 0.0232 7.1567 .0110
,010 0.0711 6.2184 . 0240 0.0620 7.2187 .0220
.015 0.1154 6.1718 .0440 0.1141 7.1128 .0410
.040 0.2419 6.6157 .0650 0. 2112 7.5640 .06 20
.015 0,1656 6.9821 .0900 0.1497 7.9117 .0855
• 0 50 0.5076 7.4699 .1190 0,48 21 8.1958 .1145
.055 0,6711 8,1610 .1500 0. 54 58 8.9416 .1450
.060 0.8460 9.0070 .1860 0.8178 9.7594 ..1810
. 06 5 1 o 0 4 9 0 10.0560 . 2-220 1.0208 10.7802 .2160
, 070 1.2521 11.1061 . 2590 1.2182 11.9984 . 2540
.075 1.4610 12. 7691 . 2960 1.4126 11.4110 . 29 20
.080 1. 6692. 14.4181
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TABLE VII(n)
Isentropic Particle Path
Particle stationary Particle stationary
at 8.120 ft  ^ at 9.120 ft
time AX X t } AX X Ls
s ec s f t ft y ft ft f
. 015 0.0006 8.1206 ,0010 9.1200 .0005
.020 0.0050 8.1256 .0040 0.0028 9.1200 .0030
.025 0.0226 8,1482 «0090 0.0170 9.1398 .0075
.030 0.0508 8,1990 .0190 0.0423 9.1821 .0160
e 035 0.1071 8.3061 .0365 0.0902 9.2723 ,0335
. 040 0.2059 8c 5120 .0570 0.1833 9.4556 . 0530
.045 0.3215 8.9335 .0810 0., 2989 9.7545 .0790
.050 0.4568 9.2903 ,1085 0,4456 10.2001 .1040
.0 55 0.6119 9. 9022. ,1410 0.5865 10.7866 .1350
.060 0.7953 10.6975 .1740 0.7614 11.5480 ,1690
. 065 0.9813 11.6788 . 2110 0.9532 12, 5012. . 2060
.070 1.1080 12.7868 . 2480 1.1618 13.6630 . 24 20
.075 1.3990 14.1858 1.3649 14.9279
Parti cle stationary Particle stationq.ry
at 10,120 ft at 11,120 ft
time AX X 11 AX X
sec s ft ft V* ft ft V
.015'’
.....
11.1200 .0005 11.1200 . 0005
.020 0.0028 10.1288 .0025 0,0028 11.1228 .0015
.025 0,0141 10.1369 .0060 0.0113 11.1213 .0050
.030 0,0338 10.1707 .0140 0,0282 11.1595 .0120
.035 0.0790 10.2497 . 0300 0.0677 11.2272 .0260
.040 0.1691 10o4188 ,0495 0.1466 11.3738 .0450
.04 5 0.2792 10,6980 .0730 0.2538 11.6276 . 068 5
.050 0,4117 11.1097 .0990 0.3863 12.0139 .0940
.055 0,5585 11.7682 .1300 0.5302 12. 5431 .1250
.060 0.7332 12. 5014 .1615 0.7050 13.2481 .1550
.065 0.9105 13,4119 . 2000 0.8742 14.1223
.070 0.1280 14.5399
Pressure change along the Particle Path
Particle stationary 0.125 ft.
•pressur e Pressure
ratio ratio Distance Time
increase
dp
P~ 4 P
71' ft. secs
.013971 .013971 1... 0139 71 0.158 0.0178
.013939 .014134 1.028105 0. 218 0. 0235
.013908 .014299 1,042404 0.280 0.0263
.013871 .014459 1.056863 0.355 0.0288
* 013826 .014612 1.071475 0.465 0. 0313
.013778 .014762 1.086238 0. 575 0.0337
.014901 .014901 1.101139 0.715 0,0360
r013556 .015048 1.116187 0.865 0.0380
.027024 .030164 1.146351 1.235 0.0421
.026678 .030582 1.176933 1. 575 0.0455
.026293 »03094 5 1,207878 2.000 0.0487
.025899 .031283 1,239161 2. 500 0.0519
.025235 .031270 1.270431 3.000 0.0548
.024485 .031106 1.301537 3. 560 0.0576
.030715 .030715 1.332252 4,190 0.0606
.022709 .0302.54 1.360508 4.885 0.0634
.021561 .029334 1.389842 5. 595 0.0662
.020695 .028763 1.418605 6.355 0.0688
.018767 .026623 1.453246 7.235 0.0718
.017594 .025568 1.478814 8.100 0.0744
.015838 .023421 1.502235 9,070 0.0771
.012730 .019123 1.521358 10.115 0.0800
,012014 .018277 1.539635 11.185 0.082.6
„ 0084 51 .013011 1.552646
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„IABLE_JIII__Xbi__
Pressure change along the Particle Path
Particle stationary at 1.125ft,
%
Pressure
ratio
increase
Pressure
r^ .tio Distance Time
dp
p~ AP JT ft secs
.013971 .013971 1.0139 71 1.155 0.0188
.011939 .014134 1.028105 1. 220 0,0244
.013908 .014299 1.042404 1. 280 0.0271
.013871 .014459 1.056863 1. 335 0,0296
.013825 .014611 1.071474 1.450 0.0322
.013779 .014764 1.086238 1. 555 0.0345
.013720 .014903 1.101141 1. 705 0.0368
.013664 »015046 1.116137 1.845 0.0388
.027035 .030177 1.146364 2.205 0.0429
.026669 .030572 1.176936 2. 570 0.0463
„026293 ,030945 1.207881 2.965 . 0.0494
.025789 • 031150 1.239031 3,475 0.0527
. 02.5235 .031267 1.270298 3.975 0.0556
.024569 o 031210 1.301508 4. 520 0.0584
.023710 .030859 1,332367 5.145 0.0613
.022709 .030257 1.362624 5.805 0. 0641
.021742 .029626 1.392250 6. 520 0.0 668
.020695 * 028813 1. 421063. 7.2.35 0.0694
.018221 ,025893 1.446956 8.155 0.0724
.017759 .025696 1.472652 9.005 0.0750
.015838 .023324 1.495976 9.975 0.0777
.012268 .018353 1,514329 11,020 0.0806
.012014 .018193 1.532522 12.100 0.0832
.008451 .012951 1.545473
TABLE VIII (c)
Pressure change along the Particle Path
Particle stationary at 2.125 ft.
Pressure Pressure
ratio ratio Distance Time
incr ease
dp
P~ AP JF
•ft. secs
. 013971 . 013971 1. 013971 2.150 0,019?
,013939 .014134 1.028105 2. 220 0 . 0 2 5 3
.013908 .014299 1.042404 2,275 0.0280
.013871 .014459 1.056863 2. 335 0.0305
.013825 .014611 1.071474 2.445 0,0330
.013778 .014763 1.086237 2. 560 0.0354
.013722 .014905 1.101142 2. 710 0.0377
.013666 ,015048 1.116190 2.845 0.0396
.027030 »030171 1.146360 3.215 0,0437
.026669 9030572 1,176932 3.575 0.0471
,026322 .030979 1.207911 3.970 0.0502
, 02.5733 .031083 1.238994 4.470 0.0534
. 0252,35 ,031266 1.270260 4.960 0.0563
.024569 .031209 1.301469 5.475 0.0591
.023710 .030858 1.332326 6,115 0.0619
.022709 .030256 1,362581 6.775 0.0648
.021742 .029625 1.392206 7. 500 0.0675
,020695 .0 28811 1.421017 8.195 0.0700
.018358 .026087 1.447104 9.125 0.0730
,017759 .025699 1,472803 9.980 0.0757
,015838 .023326 1.496129 10.935 0.0783
.012730 .019046 1. 515175 12.025 0.0812
„012014 f. 018203 1.533378 13.070 0.0838
TABLE VIII (d) .
Pressure change along the Particle Path
-------
Particle stationary at 3.120 ft.
Pressure Pressure
ratio ratio Distance Time
increase
dp
-p AP JT ft secs------ ---------- -- --- -— .— _—_— — -— — —*— —--■—™— —
.013971 .013971 1,013971 3.155 0.0207
.013939 .014134 1.028105 3.225 0.0262
,013908 .014299 1.042404 3. 275 0.0289
.0138 72 .014460 1.056864 3.35Q 0.0313
.013825 . 0H611 1.071475 3.455 0,0339
.013780 .014765 1.086240 3. 565 0.0362
,013722 .014905 1.101145 3. 710 0.0385
,013666 ,015048 1.116193 3.850 0.0405
.027036 .030177 1.146370 4. 200 0.0445
• 0 26669 .030572 1.176942 4, 575 0.0479
,026322 ,030979 1.207921 4,975 0.0510
.025733 .031083 1.239004 5.455 0.0542
.025173 .031189 1.270193 5.955 0.0570
.024569 .031207 1,301400 6. 4 50 0,0598
.023710 o030856 1.332256 7.115 0.0627
.022566 .030063 1.362320 7.785 0.0655
.021742 .029619 1.391940 8.485 0.0682
.020695 .028806 1.420746 9.215 0.0708
.018767 .026663 1.447409 10.100 0.0736
.017429 .025226 1.472635 10.975 0.0763
o 015838 .023324 1.495959 11.915 0,0790
v012961 .019389 1.515348 13.005 0.0818
TABLE VIII (e)
Pressure change along the Particle Path
Particle stationary at 4,120 ft.
Pressure Pressure
ratio ratio Distance Time
increase
dp
P~
&P JT ft secs
.013971 .013971 1.013971 4.150 0.0216
,,013939 .014134 1.028105 4. 215 0.0271
.013908 .014299 1.042404 4. 260 0.0296
.013872 .014460 1.0 56864 4. 345 0,0322
.013825 .014611 1.071475 4.435 0.0348
.013780 .014 764 1,086240 4. 555 0.0371
. 01372.2 ,014905 1.101145 4. 685 0, 0393
* 013666 .015040 1.116193 4,82.5 0.0413
• 027036 .030177 1.146370 5.165 0.0453
,026669 .030572 1,176942 5. 550 0.0487
.026322 ,030979 1.207921 5.935 0.0517
.025733 .031083 1.239004 6. 400 0.0549
,025173 .031189 1.270193 6.905 0.0578
.024611 .031260 1,301453 7.425 0.0605
,023710 .030857 1.332310 8.055 0.0634
,022709 o 030255 1,362565 8.745 0.0663
.021922 .029870 1.392435 9.415 0.0688
,02.0695 .028816 1.421251 10.165 0.0714
c. 018494 .026284 1.447536 11.055 0.0743
, 01742.9 .025229 1.472764 11,945 0.0770
.015838 .023325 1.496089 12.845 0.0796
.012730 .019045 1, 515134 13.965 0,0825
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TABLE VIII (f)
_Pre:ssure change along the Particle Path
Particle stationary at 5,120 ft*
Pressure Pressure
ratio radio Distance Time
increase
dp
P A p J1 ft secs
• 013971 . 013971 1.013971 5.155 0., 0226
,01 ‘39 39 .014134 1.028105 5. 2.05 0.0279
* 013908 .014299 L 042^04 5. 270 0.0306
• 01137 2 .014460 1,056864 5.345 0.0331
0 013825 .014611 1.071475 5.435 0.0357
o013779 o 014 7 64 1.086239 5. 555 0.0379
v013724 .014907 1.101146 5.685 0.0402
<■ 013566 • 0150 48 1.116194 5.835 0.0422
,027046 .030188 1.146383 6.180 0,0461
A 02.6688 .030595 1.176978 6. 525 0.0494
.026337 .030998 1.207976 6.885 0.0524
.025733 .031085 1.239060 7.315 0,0557
.025235 .031268 1.270328 7.875 0.0585
.024611 .031264 1.301592 8,445 0.0612
.023710 .030861 1.332453 9.045 0.0640
.022566 .030068 1.363313 9.705 0.0670
.022193 .030256 1.393569 10.275 0.0694
• 02069 5 .028840 1.422409 11.025 0.0720
c 018494 .026306 1.448715 11.905 0.0749
* 017429 .025250 1.473965 12.790 0.0775
.016034 .023633 1.497598 13. 6 6 0 0.0831
TABLE VIII (g)
Pressure change along the Particle Path
Particle stationary at 6.120 ft.
Pressure
ratio
increase
Pressure
ratio Distance Time
dp jr ft sacs
.013971 .013971 1.013971 6.155 0.0236
.013939 .014134 1.028105 6. 200 0.0288
.013908 .014299 1,042404 6. 285 0.0316
.013872 .014460 1.056864 6.345 0. 0339
.013825 .014611 1.071475 6. 4 50 0.0366
.013781 .014766 1.086241 6. 555 0.0388
.013724 .014907 1.101148 6.690 0.0410
.013666 .015048 1.116196 6.840 0.0430
. 02.7046 .030188 1.146384 7.185 0, 0469
.026688 .030584 1.176979 7.525 0.0502
. 02632.2 .030980 1.207965 7.930 0.0533
.025733 .031084 lf239049 8.42.5 0.0566
.025295 .031342 1.270391 8.885 0. 0593
.024611 • 031266 1.301657 9.435 0.0620
.023765 .030934 1.332591 10.000 0.0647
.022709 .030262 1.362853 10.72,5 0.0676
.022103 .030123 1.392976 11.365 0.0702
.020695 .028827 1.421803 12.135 0.0728
.018767 .026683 1.448486 13.000 0.0756
,017429 .02.5245 1.473731 13.890 0.0783
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equations v;ith friction included#
The calculations of the parameters of state of the 
fluid, with the effects of the loss of strength of the 
disturbence and of friction in the boundary layer in­
cluded, are based on the three compatibility equations 
(7*10)oThese equations give the variation of the para­
meters of state along the characteristic lines* The va­
lues of the parameters of state can be numerically deter­
mined at the point at which the characteristic lines in­
tersect, if the state of the fluid is known at one of the 
points on each of the three characteristics- As a rule 
the state of the fluid can be easily determined on the 
boundarjr line ; with reference to Fig, 7a if it be as­
sumed that the state of the fluid is known at the points 
(l) and (2) which do not lie on the same characteristic, 
the state of the fluid at point(4) can be computed in the 
following way; Through a point (l) a positive and thr­
ough the point (2) a negative mach line is drawn, these 
will intersect at the point (4) * Now through) the point 
(4) a path line is drawn, this must intersect the line 
along which the state of the fluid is known. The movement- 
starting from restjthe path line will reach the zone of 
rest in v/hich the values of parameters are known# The 
point at the intersection of the path line with the line 
of known state is denoted (3)#' Point (3) may also if nec­
essary , be situated on the straight line joining points 
(l) and (2), The state at point (3) is then computed by 
interpolation#
The differentials in the three compatibility equations 
are replaced by differences and the equations become:
D a
t p a  at.
forming a set of three equations with three unknowns 
df, p, and a,. The values of the time differences
' 4 > 4 4
(t^-t^) etc, can be easily determined from the dray/ing. 
Thus the values of the parameters of state can be deter­
mined. If it is desired to find the shape of the lines of 
constant value of any of the parameters for example Y ’ 
the value of ^ 4  is set and the unknowns become p^ a^
and t,.4
In the above equations the suffices denote the values 
of the parameters at the corresponding points,the letters 
without any suffix the value at the initial point, or the 
mean between the initial point and the point (4 1) ie the 
point obtained by dray/ing straight lines with the gra­
dient (*T  + ) and (‘I/*-®. ) from points (l) and (2 )
respectively. The choice is dependent on the degree of 
accuracy desired. If the values of the variables at point 
(4) are very different from those at (41) or if higher 
degree of accuracy is required the calculations can be
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repeated with the values of parameters obtained by the 
first approximation used to determine the mean.
In the problem under investigation the state of the 
fluid is known along two lines,Ono of these lines is the 
line x =. 0 ie, the outlet from the nozzle where the isen- 
tropic change from the conditions in the cylinder can be 
assumed. The validity of this assumption has been pre­
viously checked. The second line along which the state
•'istparameters are known is the line with the gradient
ie. the line of the first disturbance , which being very
weak is propagated with the velocity of sound.
The configuration of the points is mow as follows (see 
Fig 7b) , if the equations of the characteristic .(mach li­
nes) be ( W c Q s K ’ point (2) is situated some dista­
nce along the first characteristic K^ , the state parame­
ters having the values of the? undisturbed stationary state. 
Point(l) is situated on the intersection o| the x “■ 0 bo­
undary and the positive characteristic drawn possibly 
close to the first. The lines with the gradient (r^ >o. )
drown from (l) «tnrt with ^T-cj)
Adrawn from (2) will intersect at (4). The path line thro­
ugh (4*) will intersect the line at (5). If the respe­
ctive values be substituted into equation (10.l) simpli­
fied to take into account the fact that the crossectional 
area of the test pipe is constant ie.
aY ’d . i G A l , 0 (10<2)
the values of the parameters of state at the point (4) 
can be computed. The procedure is then repeated for the 
points (4) (2s) and(3‘) the values of the variables at 
point (4f) being determined . In this way the parameters
of state along the line are calculated* The method is 
then repeated for the lines and the lines at a gra­
dient ('Y-ol ) being drawn through the previausly determi­
ned points (4) (4‘) etc* the values of the state parame­
ters at the intersection of the line and the path lines 
through the unknown points ex. 7 on the figure , are deter­
mined by interpolation.
In this way the whole field of flow can be gradually 
covered by a series of points at which the values of the 
state and flow parameters are known.
The characteristic lines Kb along which theI f  n ^
calculations are performed should be chosen possibly close 
to each other. Taking arithmetical mean of the values asf 
Hi ii" 1 n " of the parameter of state at the two points and 
using it in calculations is equivalent to the assumption 
that the characteristic joining those two points is a 
straight line. This assumption can be made enly when the 
two points are close together and the change in the values 
of the parameters of state small. It has to be realised 
that due to the influence of friction the characteristics 
are not represented by straight lines. This is especially 
important in the later stages of calculations when the va­
lue of the velocity of flow is comparable with the velocity 
of sound. The curvature of the characteristic lines being 
larger towards the higher values of the parameters of state 
the calculated points have to be situated close to each 
other.
As the computation of a single point necessitates the
solution of a set of three equations with the previously 
determined mean values it is extremely important that the 
choice of the points be such as to cut down auxiliary cal­
culations (interpolation etc) to minimum.
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The interpolation of the parameters which hss to be 
performed if the points are chosen gradually closer to 
each other is also made on the assumption of the straight 
linear characteristics, this being only on approximation, 
it is advisable to chose the characteristics as close to 
ee,ch other as possible also at the early stage of the 
calculations.
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TABLS IX (a)
Don-sterydy One-dimensional Flo?/ with Friction
Dimension Dim ension
Pressure less less Time Dis tar
ratio velocity velocity
of sound of f1ow
JI ____ ck i 
I 
: 
i 
i 
i 
! 
1 
I 
i 
i 
f
1 
*!
 
i 
l
1.0028025 1.0005998 .0019996 .01100 1.150
1.002.8019 1.0005997 .0019992 .01200 2. 260
1.0027994 1.0005994 .0019974 .01500 5.590
1.0027989 1.0005995 .0019970 .01400 4. 520
1.0027985 1.0005995 .0019967 .01500 5.650
1.0027979 1.0005992 .0019965 .01600 6. 780
1.0027975 1.0005991 .0019959 .01700 7.910
1.0027968 1.0005990 .0019955 .01800 9. 040
1.0027962 1.0005989 .0019952 .01900 10.170
1.0027958 1.0005989 .0019948 .02.000 11.500
1.0027952 1.0005988 .0019945 .02100 12.420
1.0027948 1.0005988 .0019941 .02200 15.560
1.0027945 1.0005987 .0019957 .02500 14.690
1.0027957 lc0005986 .0019954 .02400 15.820
1.0027952 1.0005986 .0019950 .02500 16.950
1.0027927 1.0005985 .0019926 .02600 18.080
1. 002792:2 1.0005984 .0019925 .02700 19.210
1.0027917 1.0005985 .0019919 .02800 20.540
1.0027912 1.0005965 ,0019915 .02900 21.4 70
1.0027907 1.0005982 *0019912 .05000 22. 600
1.0027902 1.0005981 .0019908 .05100 25. 750
1.0027897 1.0005980 .0019905 .05200 24.860
1.0027892 1.0005980 .0019901 .05500 25.990
1.0027886 1.0005979 .0019697 .05400 27.120
1.0027881 1.0005978 .0019894 .05500 28.250
1.0027676 1.0005977 .0019890 .05600 29.580
1.0027871 1.0005977 .0019886 .05700 50.510
1.0027866 1.0005976 .0019885 .05800 51.640
1.0027861 1.0005975 .0019879 .05900 52.770
1.00278 56 1.0005975 .0019875 .04000 55. 900
1.0027850 1.0005974 .0019871 • .04100 55. 050
1.0027845 L 0005975 .0019866 .04200 56.150
1.0027840 1.0005972 .0019864 .04 500 57.260
Non-steady One-dimensional Flow with Friction
■Pressure
ratio
Ji
014034 2
0139822 
013925C 
0138679 
0138208 
0137 586 
0137016 
0136446 
1.0135676 
1.0135323 
1.0134745 
1.0134174 
1.0133603 
1.0133032 
1.013246? 
1.0131891 
1.0131420 
1.0130600 
1.0130223 
1.0129658 
1.0129086 
1.0128607 
1.0127991 
1.0127421 
1.0126850 
1.0126260
Dimension 
1 e s s 
veloc ity 
of sound
c<
1.0019928 
1.0019855 
1.0019774 
1.0019693 
1.0013626 
1.0019538 
1.20194 57 
1.0019 376 
1.0019295 
1.0019213 
1.0019135 
1.0019054 
1.0016955 
1.0016891 
1c0018811 
1.0018730 
1.0018649 
1.0018575 
1.00184 94 
1.0018413 
1.0018332 
1.0018264 
1.0018177 
1.0016096 
1.0016000 
1.0017934
Dimension 
less 
velocity 
of flow
. 0099 515 
.0099147 
.0098742 
.0098337 
.0097932 
.0097563 
.0037156 
.009675 5 
.0096351 
. 009594 7 
.0095549 
.0095145 
.0094740 
.0094336 
.009393? 
.0093527 
.0093123 
.0092754 
.0092349 
.0091945 
.0091541 
.0091136 
.0090764 
.0090359 
.00899 5 5 
.0069551
Time
t
.01893 
.02000 
.0 2107 
.02214 
.02321 
.02426 
.0 2 535 
.02642 
.02749 
.02856 
.02963 
,03070 
,03177 
.03284 
.03391 
.03496 
.03605 
.03712 
. 0 3619 
, 0 3 926 
.04033 
.04140 
.04247 
.04354 
.04461 
.04568
Dista
x
1- 33 
2. 53'
3.74 
4.94. 
6.14 
7.34 
6. 54
9.74 
10, 94 
12.15' 
13.35 
14. 55
15.75 
16.9
18.15
19. 36
20. 56
21. 76 
22.96
24.16
25. 36
26. 57 
27.77 
28.97
30.17 
31. 37
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 TABLE IiC(e)
Non-steady One-dimensional Flow with Friction
Pressure
ratio
Jf
Dimension 
less 
velocity 
of sound
Dimension 
less 
velocity 
of flow
Time
y
Distance
x
1.0283738 1.0039936 .0196398 .02490 1.869
1.0281543 1.0039778 .0194744 .02591 3.036
1.0279218 1.0039535 .0193112 .02692 4. 304
1.0276893 1.0039146 .0191480- .02793 5. 571
1,0273576 1.0038660 .0189151 .02894 6.839
1.0269171 1.0037761 .0187554 .02995 8.106
1.0266917 1.0037719 .0184977 .03096 9.374
1.0264047 1.0037329 .0182457 .03197 10.641
1.0261720 1.0036998 .0180828 .03296 11.909
1.0259397 1.0036646 .0179197 .03399 13.176
1.0257031 1.0036335 .0177566 ,03500 14.444
1.0254730 1.0036006 .0175921 .03601 15,711
1.02.52408 1.0035679 .0174291 .03702 16.979
1.0250086 1.0035338 .0172662 .03803 18.246
1.0247765 1.0035025 .0171032 .03904 19.514
1,0245445 1.0034698 .0169403 .04005 20.781
1.0242824 1.0034328 .0167563 .04106 22.049
1.0240504 1.0034002 .0165935 .04207 23.316
1.0238184 1.0033675 .0164 306 .04308 24.584
1.0235865 1.0033349 .0162678 .04409 25.851
1.0233545 1.0033279 .0161250 .04510 27.119
1.0231226 1.0032760 .0159422 .04611 28.386
1.0228908 1.0032354 .0157794 .04712 29.654
1.0225590 1.0031923 .0155465 .04813 30.921
1.0223271 1.0031447 .0153837 .04914 32.189
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TABLEJ S i J l
Non-g tt?ady One-dime.nsional Flow with Friction
.— - -----------
Dimension Dimension
— — —
Pressure less 1 e s s Time Distant
ratio velocity velocity
of sound of flow
If cx V t X
1.0427578 1.0059864 .0290968 .02735 1. 649
1.0425205 1.0059443 .0286489 ,02840 2.873
1.0417702 1.0058608 ,0282615 .02944 4.098
1. 0412200 1.0057918 .0278742 .03049 5. 323
1.0406104 1.0057049 .0274871 .03154 6. 547
1.0400897 1.0056040 .0270791 .03259 7.771
1.0595399 1.0055549 ,0266922 .03364 8.006
1.0389922. 1 . 00 54 799 .0263069 .03469 9.231
I . 0384425 1.0053678 .0259203 .03574 10.456
1.0378930 1.0053056 .0255338 .03679 11.681
1,0373436 I.0052486 .0251476 ,03783 12.905
1.0367940 1.0051398 .0247614 .03888 14,130
1,0362440 1,0050940 .0243749 .03992 15, 354
1.0356957 1.00 50188 .0239892 .04097 16,579
lo 0351468 1.0049423 .0236035 .04202 17.794
lo0 34 5980 lc 0048656 .02.32179 o 04 30 7 19.019
1.0340489 1.0047891 ,0 226324 .04412 20.244
1.0 335006 1.0047083 .0224470 .04517 2.1. 468
1.0329022. 1.0046292 .0280272 .04622 22,693
1.0323539 1.0045784 ,0216422 .04726 23.117
1.0318058 1,0044827 .0212574 .04831 2.5,142
1.0312591 1.0043966 ,0208736 .04936 26.367
1.0307112 1.0043254 ,0204891 .05041 27. 592
1.0301640 1.0042341 ,0201050 .05156 28.816
1.0396163 1.0041423 .0197207 .05261 30.041
1.0290690 1,0040515 .0193366 .05375 31.265
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, TABLE %!.{ e)
_Mon-ste ady__0ne-dirnensional Flow with Friction
--- -—
Dimension Dimension
— --------------—
Pressure less less Time Di stem
ratio velocity velocity
of sound of flow
JT
1ii\
yf 
I
J 
t iii!
V X
lo 0573600 1.0079964 . 0381552. .02978 l e 371
1.0571281 1.0079669 .0376365 .03082 2, 600
1-0560793 1.0078303 .0368554 .03199 3.980
lo0549175 1.0076691 .0361522 .03304 5. 216
1.0538574 1,0074954 .0353806 .03410 6,466
1.0527683 1.0073735 .0346297 .03471 7.182
1.0516800 1.0072254 .0338791 .03576 8. 524
1.0505928 1.0010708 ,0331287 .03676 9. 701
1.0495071 1.0069054 .0323781 .03765 10.753
1,0484210 1.0067758 .0316286 .03867 11.935
1*0473364 1.0065942 .0308789 .03974 13,186
1.0462455 1,0064748 .0301245 .04078 14.408
1,0451620 1.0063271 .0293761 ,04183 15. 636
1o 0440817 1.0061777 ,0236261 .04288 16.851
1.0430102 1.0060410 .0278773 .04393 18.076
1.0419258 1.00 53798 ,0 271319 ,04495 19.264
1.0393994 1.00 56068 ,0263815 .04602 20.509
1.0390437 1.0054815 .0251355 .04708 21.741
1.0379666 1,0053581 .0243870 .04778 22,554
1 .0368935 1.0051898 .0236394 .04918 24.179
1.0358194 1.0050329 .0228920 .05024 25.400
1.0347461 1.0048872 ,02.21448 .05129 26.617
1.0336739 1.0047233 .0213979 .05239 27.691
1.0326025 1,0045589 .0206512 .05433 30.046
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t a b l e  i f ( f )
L o n - s t e a d y  Q^e - d i m e n s i o_no l  f f I o w  wi  t h  f r i c t i o n
Linension Dimension
Pressure less less Tine Li stance
r ntio velocity velocity
of sound of flow
y t X
1 -0897576 1.0120000 .0 560682 .03452 1.245
1. 0880049 1.0121310 .0551385 .03555 2.490
1.0864848 1.0118953 .0540570 .03658 3.740
1-0849184 1•0117881 .0530079 .03718 4.467
1.0833529 1.0115060 .0519598 .03827 5.775
1•0817910 1.0112917 .0509112 .03926 . 6.962
1.0802312 1.0110666 .0498629 .04014 8.014
1.0786698 1.0108770 .0488174 .04114 9.210
1.0771158 1.0106361 .0477667 ,0422.0 10.476
1.0744768 1.010 4 580 .0467226 .04331 11.798
1o 0 734626 1.0101787 .0453158 .04427 12.940
1.0719186 1.0099694 .044 2661 .04531 14.187
1.070 3760 1. 009772.4 .0432172 .04635 15.421
1.0668260 1.0095518 .0421749 .04735 16.606
1.0665479 1.0093189 .0416257 .04841 17.631
1.0657362 1.0091352 .0400886 .04947 19.064
1.0642024 1.0069517 .0390405 .05036 20.135
1.0626654 1.0067241 .0379963 .05156 21.5 51
1.0611307 I.0085077 .0369523 .05260 22. 776
1.0595978 1.0083026 .0359067 .05367 24.035
1. 0580671 1.0087794 .0348657 .05476 25.310
1.0565022 1.0078506 .0338474 .05596 26,708
1,0550118 1.0076330 .0327802 .05705 27,986
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TABLE ix(e}
Non-steady One-dimensional Flow with Friction
Pressure
Dimension
less
Dimension
less Time DistanC'
ratio velocitjr 
of sound
veloeits^ 
of flow
JT ©C t X
.— — — — — — . -- -— •— —— — — -—
1.1230960 1.0167185 .0731927 .03865 1. 520
1.1206944 1.0164944 .0715573 .03925 2. 261
1.1182378 1.0161024 .0699613 .04032 3. 583
1.1157882 1.0157782 .0683648 .04129 4. 769
1.1133430 1.0154433 .0667689 .04216 5.831
1.1108996 1.0151441 .0651765 .04315 7.038
1,1084667 1.0147936 .0635811 .04424 8.364
1.1054826 1.0145787 .0623503 .04530 9.652
1.1028246 1.0140830 .0609112 .04621 10.756
1.1011946 1.0138833 .0 588017 .04728 12.052
1•0987800 I.0135527 .0572103 .04831 13. 2.96
1»0963673 1,0132348 .0556216 .04930 14.490
1.0932153 1.0128921 .0 545249 .05034 15. 742
1.0915535 1.0126003 .0524484 .05139 17.004
1.0891689 1.0123072 »0508531 .05227 18.060
1„0567798 1.0119704 .0492647 .05346 19.486
1.0843961 1.0116450 .0476767 .05449 20.718
1.0820171 1.0113309 .0460895 .05548 21.900
1.0796433 1.0109987 .0445030 .05663 23. 271
1.0772380 1.0106610 .0429415 .05781 24.675
1.0749109 1.0103347 .0413317 .05889 25.944
i(U
TABLE 11(h)
Non-steady One-dimensions! Flow w ith Friction
Dimension Dimension
Pressure less less T im e Distanc
ratio velocity velocity
of sound of flow
Jf t 
t 
! 
1 
1 
! 
! 
>
K 
I
I 
I 
1 
! 
t 
!
! 
S
! 
1
t X
1*1590104 1.0213447 .0937478 .04236 1. 440
1.1590062 1.0213338 ,0882114 . 04 331 2, 640
1.1553606 1, 02084 31 .0858372 .04416 3.702
1.1516354 1.02.03919 .08 34881 .04519 4.985
1.1479276 1.0198895 .0811366 .04627 5.327
1.1436614 1.0195226 .0791482 .04775 7.162
1.1397313 1.0168755 • o 0769 560 .04865 8,275
1.1368639 1.0185252 .0740965 .,04965 9. 509
1.1336941 1.0180279 ,0716748 .05067 10.765
1.1293271 1.0175443 ,0692606 .05164 11.956
1.1249245 1.0170500 .0674091 .05267 13, 218
1.1220436 1,0166084 ,0645868 .05371 14,480
1.1184420 1.0161639 .0622369 .05459 15. 553
1.1148372 1.0156763 .0598977 .05576 16.853
1.1112126 1.0151961 .0575800 .05684 18.161
1.1076621 1.0147356 .0552.227 ,0 5782 19.345
1.1040918 I.014 2529 .0528868 .05896 20.717
1.1004956 1.0137648 .0505766 .06022 22. 230
1.0969849 1.0132863 .0482190 .06137 23.606
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) Results, of calculations and 
comparison with, experiment
The results of the calculations performed by the use 
of the various methods outlined in the previous chapters 
are shown in tabular form in the respective tables and 
graphically in figs, 11-19. The points computed by the 
use of the various methods are plotted together with the 
experimental results and the pressure-time relationship 
predicted for the succesive test stations on the basis
cylinder
of the^relationship with the assumption that the flow is 
isentropic„
On all the figures the variation of pressure with ti­
me at a given section calculated on the assumption of the 
isentropic flow is shown by the continuous line. The cal­
culations performed along the paths of the particles we­
re carried out only for the first 14ft. of the length of 
the test pipe-o Beyond that point the convergence^ of the 
roach lines introduced errors which could not be neglected. 
The results are shown by broken lines , and seem to afford 
a good approximation to the test results which are denoted 
by small circles. The calculations with- the effects of 
friction and the change in the strength of the disturbance 
included carried out with the aid of compatibility equa­
tions (7ol0) are represented on the graphs by means of 
chain-dotted lines. The calculations were performed for 
the whole length covered by the test stations (26ft, of 
the pipe length) however only a part of the pressure ra­
nge was covered., the computations were stopped when the 
trend of the curve and its position with respect to the
-103-
remaining ones could be definitely determined,
It can be observed that in all test stations for a 
given time the pressure calculated on the assumption of 
the isentropic flov; has the highest, value , the one cal­
culated along the pafticle path being lower and the curve 
representing computations according to the compatibility 
equations passing through the lowest values. This is to 
be expected as from one of the definitions of the coeffi­
cient of friction we have:
where dp is the pressure drop due to friction in tbe boun­
dary layer. In the frictionless isentropic assumption this 
pressure drop is not taken into account. In the calculatio­
ns of pressure along the particle path although the fric­
tion is accounted for the strength of the disturbance is 
assumed to be constant. It is only in the calculations car­
ried out with the aid of compatibility equations that the 
full effect of friction and the loss of strength of the 
disturbance is taken into account, this explaining the re­
lative positions of the three curves*
The experimental points fall below the isentropic line 
and follow the general shape of the calculated curves whidh 
in all cases are of the same character. At the low values 
of the pressure ratio the gradient of the curve is small 
increasing gradually with the increase of pressure , the 
curve following in general the equation:
where m and n are constants varying along the length of 
the test pipe. The values of m and n have been determined
dx 2D
1 + mtn
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for the case of the pres sure-time relationship in the 
cylinder of the apparatus,,
The assumption which is generally made when calcu­
lating the parameters of state in a flow of fluid is 
that there is no energy dissipation ie. the flow is 
isentropic, the accuracy of this assumption as applied 
to the prapogation of pressure waves can now be analysed... 
The calculations preformed on the assumption of the isen­
tropic flow were based on the accuracy of the pressure-time 
relationship in the cylinder.This as can be seen from 
the logarythmic graph is quite satisfactory. The assu­
mption that the flow through the nozzle connecting the 
cylinder with the test pipe is isentropic is borne out,the 
line representing the results of the isentropic calculations 
passing through the experimental poinds taken at test sta­
tion 1 situated at the outlet from the nozzle . A very si­
milar situation can be observed at Test station 2 here the­
re is however a, marked tendency for the isentropic line to 
deviate from the experimental results at the higher values 
of the pressure ratio,; The tendency is increased with the 
distance the wave has travelled., At station 3 which is 48 
diameters diatant from the exit of the nozzle the isentro­
pic line which passes through the experimental points up 
to the pressure ratio of 1.35 has a maximum at value 1.636 
while the experimental maximum reaches 1. 595-. The deviati­
on of the calculated results from the experiment being of 
the order of 2, 5p.
The discrepancy between the experimental results and 
those calculated on the assumption of isentropic flow ine- 
creases both in the magnitude and range " with the dis­
tance travelled by the disturbance . This tendency might 
best be seen on the table below 5 where the approximate
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value of the pressure ratio at which the divergence can 
first be noticed and the maximum percentage value of the 
deviation at the succesive test stations are tabulated, 
Both values are rounded off and are therefore approximate.
ation No, Distance Separation Maximum
Diameters at JT = deviation
1 1
2 24 1 5 5 1, 2
3 48 1.35 2.o 5
4 72 1.30 3,8
5 96 1* 25 5.1
6 168 1. 20 9.5
7 240 1.15 12. 5
8 312 1.00 16. 5
The third column giving the approximate position of 
the point at which the line representing the isentropic 
calculations leaves the experimental, range is indicative 
to the extend that in all cases the maximum pressure ratio 
which would be reached if the isentropic flow assumption 
were true is 1«6360 The deviation of the maxima, reached in 
the experiment is indicated by the figures in the fourth 
column. It is noticeable that the maximum deviation of the 
isentropic results from the experimental is approximately 
%  proportional to the distance of the test station from the
exit of the nozzle* a similar conclusion may be drawn from 
inspection of Figc20 where the deviation of the experimen­
tal results from the ones calculated on the assumption of 
the isentropic flow are plotted for the whole range of in­
vestigated pressure* The deviation seems to be proportional 
to the distance travelled by the disturbance along the te­
st pipe and can be expressed by :
e*9 - e
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v/here <3 is the magnitude of the deviation expressed as 
a percentage of the isentropic pressure; z~ a function 
of distance and of a parameter of state of the type
z ~f(T/\P) x
It would be interesting to note that this type of equa­
tion is obtained when calculating the change of parameters 
in the constant area pipe when the steady flow of a perfect 
gas with constant specific heats with inclusion of friction 
and heat exchange is considered (Ref. 11). The differen­
tial equation connecting the drop of pressure with the dis­
tance along the pipe can be deduced as:
dp
P
-n girU-aliilisp?:
jl-N t } 1-K fa
which integrated on the assumption of constant N gives:
) + a-o-PHi ,
B-i-. (1-1TT 1-K JD  ^ 1” 2 ‘
p
thus if is feasible to calculate the pressure correction 
by assuming the flow tc be momentarily steady. This was 
done the results being represented on i’ig, 20 by conti- 
nous lines, the value of the coefficient of friction which 
had to be assumed in order to obtain conformity with the 
experiment was low f 36 ,0015. It has to be noted that the 
operation although affording a good approximation is pu­
rely empirical and may not be true in other applications*
It v/ill be noticed that although the results of the cal­
culations based on the assumption of isentropic flow are 
represented by smooth continous curve with increasing slope 
and a very similar shape is followed by the experimental
-106a-
' n
points at the first six test stations, there appears a sud­
den decrease in the slope of the curve traced by the experi­
mental points at the last two test stations (7 and 8). This 
is due to the rarefaction wave, initiated at the open end of 
the test pipe , which is propagated to the left ie.towards 
the cylinder. The time at which the rarefaction wave would 
reach the test sections if the flow were isentropic is indi­
cated on both graphs representing the conditions at the test 
stations. It appears that the change in slope of the experi­
mental curve takes place before the time indicated, this al­
though not self apparent seems to be reasonable. In the ac­
tual flow due to the decreased convergency of the Mach lines 
and also to the fact that friction has a greater relative in­
fluence on the value of the velocity of flow than the velocity
of sound, the absolute value of velocity of propagation of the
dx /*
rarefaction wave - a will be greater than in the case of
the isentropic flow. It has to be borne in mind that the velo-
dx
city of the first compressive wave ^  = a will remain unchanged.
The calculations of the pressure along the particle path 
based on the assumption of constancy of the strength of the dis­
turbance can now be compared with the experimental results. It 
rj) is a well known fact that the value of the coefficient of fric­
tion changes with the Reynolds number of the flow, with the phy­
sical dimensions and properties of the fluid kept constant, this 
is proportional to the velocity^df flow. In the case under in­
vestigation the flow velocity varies from zero to about 370 ft. 
sec. ie. the values corresponding to a Mach number of 0.33 at 
the conditions of experiment. This is equivalent to a Reynol-
5
ds number approximately equal R = 2 * 10 and the correspon-e
ding coefficient of friction based on definition
x - f X f
where t  is a tangential stress at the boundary,bas a 
value of 1**004 for a commercial steel pipe* The value 
is boned on steady flow experiments9 where the boundary 
layer is already developed* The problem arises in the un­
steady flow calculations whether to assume a. constant va­
lue of the coefficient of friction or to allow for the 
variation of its value with the instantenous Reynolds 
Number. As a first approximation and also in order not to 
complicate the calculations the value of the apparent coe­
fficient of friction was assumed constant and equal f~.003 
On inspection of the relevant graphs if will be observed 
that she assumption of a constant value of the coefficient 
gives satisfactory result when the coalculations are per­
formed along the particle path. The curves representing 
the results of the calculations hy this method lie within 
the experimental points region on the 'whole of the range* 
This is observed to be true for the first five test stat­
ions . at the sixth station situated at the distance of 
168 diameters from the exit of the nozzle* the curve is 
above the experimental region,, The reason for this fact 
will become apparent on inspection of Tigs. 5 and 21. Due 
to the convergence of the characteristic lines the time 
taken to reach the boundary line and the distance travel 
led by the particle decreases. As the term containing the 
coefficient of friction in equation (9.3) is proportional 
to the time of travel of the particle , the influence of
friction on the pressure calculated along the particle par* 
th will diminish with the distance travelled by the distu­
rbance .
In the calculations based on all three compatibility 
equations obtained in chapter 7 the apparent coefficient
Q.
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of friction was again assumed, to have a constant value
irrespective of the velocity of flow and was taken to be 
an
'he sameAin the calculations along the particle path. Here 
due to the small range of pressures in which the rather 
cumbersome calculations were carried out, only the trend 
of the curve can be observed. A direct comparison with ex­
perimental being difficult and rather unreliable due to 
the probability of error in the experimental readings at 
the low values of pressure. The net covered by the calcu­
lations was not as dense as could be desired , thus cau­
sing the calculated points to scatter slightly , the line 
plotted on the graphs being drawn through the estimated me­
an. At small distances all the lines lie quite close toget­
her ,in some cases on top of each other but with the incre­
ase of the distance travelled by the disturbance the diver­
gence becomes more pronounced. The line representing cal­
culations based on all three compatibility equation }.ies ■ 
below all others and seems to have a tendency to diverge - 
considerably at the higher values of pressure and bound 
with it higher velocities, This seems to indicate that the 
value of the apparent coefficient of friction was assumed 
to high, and further that for this type of calculations the 
variation of the value of the coefficient with Reynolds Nu­
mber should be taken into account, However the main result 
of the calculations based on the compatibility equations Is 
the indication of the way in which the state and position
diagrams are modified as compared with the ones construc- 
, coses
red on the assumption of the isentropic flow. The two amim
are compared in Figs., 8 and 8 a representing in a diagram at :3.c
form-the position diagraip. According to equation (7.12) in
case of the isentropic flow the pressure disturbance corre-
4}
- 0.09-
sponds to the density and temperature wares5 and further 
the velocity of the propagation of any one point on the 
wave is assumed constant throughout the length of the pi­
pe provided that the pattern of purely compressive flow 
is rot changed, consequently th e straight continous lines 
on fig*8a represent the propagation of the disturbance and 
at the same time are the lino it lines of the constant va­
lues of the parameters of state and flow* The lines -of the 
constant values of the parameters when friction effects 
are takeh into consideration are curved upwards so that a 
given value will reach a definite section later than it 
would ,were the frictional effects absent in the flow, fur­
ther 'the lines do not coincide the curvature being diffe­
rent for the different type of the disturbance thus indi­
cating their respective velocity of propagation* Reffering 
to Fig. 8a the disturbances which started at the point(l)will 
split and at a given time the pressure disturbance will re­
ach point (la) the velocity of sound (temperature) point 
(lb) while the velocity of flow will be at the point (Xc) 
Conversly the disturbances determining the state of the flu­
id at point (2) started at the time (2c) (2.b) (2a) in case 
of the velocity of flow speed of sound and pressure dis­
turbance respectively* As on the line x - 0 the relation 
between the parameters is governed by the isentropic law 
the curvature of the lines determine the influence of the 
friction on the parameters of state and flow. The velocity 
of flow appears to be influenced to a greater degree than 
the velocity of sound, this is indicated on Fig 8 compa­
ring the appearance of the state diagrams with the effects 
of friction included to the isentropic one. Here again the 
isentropic diagram is represented by a number of straight 
liness whereas the state of the fluid in which the fricti-
anal effects are taken into account is represented by the 
curves of the tjrpe sketched, the numbers on the lines re­
present the states of the fluid at a given point on the 
position diagram, the numbers without primes being the 
states which the fluid would reach with absence of fric­
tion while those with primes represent the corresponding 
actual values reached.
All the calculations performed were based on the expe­
rimentally obtained pressure -time relationship in the cy­
linder of the apparatus. Thus when comparing the results 
of the calculations for a given test station with the ex­
perimentally obtained recordings it is extremely importa­
nt to be certain of the repetitivity of the phenomenon 
and the accuracy of recordings, A great care was taken in 
order to ensure a good reproductibility of the piston mo­
tion* The starting point of the piston was determined by a 
rigid fixture attached to the base of the experimental rig, 
the constancy of state of the sliding surfaces was ensured 
by frequent lubrication. The possible source of inacuracy 
the change of working voltage was partially eliminated by 
determining during the preliminary experiments the limits 
of voltage variation, the value reached during the expe­
riments 'was always within these. A certain error could be 
commited during calibration of the record, however in order 
to minimise the possibility the calibration settings were 
the same as the values pre-set on the indicator* The main 
error could be made during reading and interpretation of 
the record i.e. - in the estimation of tejhs and interpola­
tion between the calibration lines.
The accuracy of experiment seems however to be quite 
satisfactory. This can be seen at a glance on Fig. 10 and
-111-
slso on Figs, 11-19, the scatter of experimental points 
does not exceed 2$ of the mean estimated value, even in 
the regions of low pressure where the relative error is 
considerably greater due to the small absolute values of 
parameters. This error exceeds only slightly the limits 
of accuracy of the experimental apparatus which in the 
case of the indicating apparatus (C.R. oscillograaph to­
gether with the auxiliary panels) has an accuracy of t  Yp 
of the recorded value.
12) Conclusion3
With respect to the calculations of the parameters of 
state ansi flow in the non steady compress i've flow in pi­
pes it can be noticed that for the short lengths , not 
exceding 50 diameters of the pipe, and the range of Mach 
numbers not exceding 0.35 i.e. the pressure ratios below
1.75 the assumption of the isentropic flow is sufficien­
tly accurate*, The results calculated on this assumption 
with the aid of the method of characteristics lie within 
2$ of the experimental results. This fact is in agreement 
with the experiments performed by Jenny, who having pipe 
of 49 diameters in length finds- almost no difference bet­
ween the values obtained experimentally and those calcu­
lated on the assumption of isentropic flow in the first 
compressive part of the flow® The curve representing the 
results of his computations with frictional effects inc­
luded falls on top of the other two, only a slightest div­
ergence being noticeable at the highest pressure reached*.
The approximate values reached are 1.72 of the undistur­
bed fluid pressure when friction is neglected and 1.70 if 
the frictional effects are taken into consideration. Jith 
pipes of the length exceeding 50 diameters the divergence 
of the isentropic calculations from experiment is larger, 
although at low Mach numbers (below 0.2) the approximation 
obtained is still satisfactory*
The calculations along the particle path seem to give 
reasonable results over the whole of the range of the Mach 
numbers covered up to approximately 150 diameters of the 
pipe. Here however the limiting ease is not so much the le­
ngth of the pipe as the distance the particle has travelled.
The increase of entropy along the particle path between 
any two given Mach lines is, according to equation(7#10a) 
proportional to the time taken by the particle to reach the 
respective lines. This time, as can be confirmed by inspe­
ction of Fig, 21 is shorter for the particles whose statio­
nary position is along the pipe than for the ones initially 
stationary at the inlet to the pipe. The pressure decrease 
due to friction would therefore be greater for any given le­
ngth of the pipe when the two section limiting the chosen' 
length are situated nearest to the pipe inlet. It would be 
also reesonable to assume that as long as the particle ini­
tially stationary at the entrance to the pipe would reach 
the exit during the duration of the pulse this method of cal­
culations should give good approximation of the true state 
of the fluid.
Both methods of calculation mentioned are by assumption 
approximate, In the first case of isentropic flow the ene­
rgy dissipation in the boundary layer is completely neglec­
ted. In calculations of pressure change along the particle 
paths,these are assumed to be the same as for the isentropic 
flow which is known to be different from the -actual.
The calculations on the assumption of the flow being mo­
mentarily steady, although affording a good approximation 
to the experimental results over the whole of the field of 
flow covered, are not based on the detailed analysis of flow 
but are of the purely empirical nature and as mentioned be­
fore may not be appicable to the flow 'with different velo­
city distribution.
The anally sis of flow performed in order to obtain three 
compatibility equations on which the final calculations we­
re based is the nearest to the true-state of the fluid, ta­
king into account not only the entropy increase along the 
particle path but also the effects of the non reversibility 
of the flow on the instantenous velocity both of the parti­
cle and the disturbance. In this case the accuracy of the 
results will be dependant on the secondary assumptions i.e. 
the value adopted for the coefficient of friction if it is 
assumed to be constant, or the relationship between its va­
lue and the flow velocity if the variation of the coeffici­
ent with Reynolds number is assumed. In addition the accura­
cy of results will depend as previously mentioned on the den 
sness of the net formed by the Mgch and path lines along 
which the colculetions are performed. It has to be remembe­
red that both Mach and path lines are curved when the eff­
ects of friction are considered and therefore the mean va­
lues between the nodal points used in calculations are true 
only if the two points are very close together.
The results of computations performed show that in this 
case the tendency was to calculate the pressure to low. The 
possible reason for this may be , in the net of the characte­
ristic lines, along which the calculations were performed, 
being not close enough.Consequently as can be judged from 
the shape of the curves representing the variation of pre­
ssure with time the mean values used for calculations were 
estimated to low thus causing lowering of the calculated 
values. However a much more probable cause of the phenome­
non will be found in the value of the apparent coefficient 
of friction being adopted to high, this overemphasises the 
effect of friction thus bringing the curve below the expe­
rimental results. There is also a possibilitjr th«t the va­
riation of the value of coefficient of friction should be 
taken into account. In all probability all the above raentio 
ned causes contribute to the discrepancy between the results
obtained and the experiment. The relative influence can 
be judged only if and when accurate values of the coeff­
icients of friction for the unsteady flow be determined. 
This however is outside the scope of the present investi­
gation, the primary object of which was to examine the ef­
fect of the influence of friction in the unsteady flow. 
This is illustrated qualitatively on fig,8 it is seen 
that the lines representing the constant values of the pa­
rameters of state in the t-x coordinates curve upwards, 
and further that the curvature of the lines is not the 
same for the variaus parameters. This indicates that the 
individual disturbances are propagated with different ve­
locities it will be noticed that a value of temperature 
will reach a certain position in the pipe some time after 
the pressure ratio corresponding initially to its value 
has passed through the section. The lines representing con 
stant values of the velocity of flow indicate the same ten 
dency to curve upwards thus it can be inferred that the 
convergency of the positive ( r +  a  ) Mach lines will be 
definitely smaller than for the case of the flow assumed 
isentropic. This indicates that the occurence of phenome­
na depending on the convergency of the mach lines (shock 
formation in a long pipe) wilx be delayed when compared 
'with the prediction based on the isentropic assumption.
The calculations based on the three compatibility equa­
tions are very laborious, involving a solution of three 
equations in order to compute the values of the parameters 
at a single point. Even in a very rough calculations cove­
ring only about a third of the range of the pressure ra­
tios obtained experimentally the state of fluid at aver 
200 points had to be computed. In order to cover the whole
of the experimental range with any accuracy at the latter 
stages , the net of characteristics would have to be made 
much denser and the amount of work involved would be enor­
mous ,and calculations almost impossible without the aid 
of the calculating machines.
It is due to this reason that the approximate methods 
of calculations were carried out, having the advantage of 
being quicker although less accurate. Of these, the calcu­
lations along the particle path seems to give the best app­
roximation, being partially based on the detailed analysis 
of the flow. The limitation of this method due to the con­
vergency of the isentropic mach lines could be counteracted 
by introduction of an empirical factor based on the distance 
travelled by the disturbance. However a number of confirma- 
to ry experiments would have to be performed before any such 
approximate methods were accepted in order to determine 
whether similar results will be obtained with a different 
piston displacement curve. This could not be performed on 
the described apparatus in its present fore due to the fact 
that any change in the solenoid current would result only 
in the decrease in the range of pressures covered, A comp­
lete change of the piston actuation would have to be per­
formed involving a major modification . Further it seems ad­
visable to increase diameter of the test pipe in order to 
facilitate the fitting of the flush type diaphragm pressure 
gauges. The vibration of the trace on some of the experime­
ntal records are suspected to be due to the stationary co­
lumn of air entrapped between the pipe and the diaphragm in 
the type of the pressure gauge used. These'make the interpre­
tation of the recordings very difficult. The accuracy of ex­
periments however is of a very high order the limits of err­
or being only slightly greater than the inherent faults of
the apparatus,, The experimental readings thus form a 
relia.ble basis for subsequent calculations. These in case 
of the flow being assumed isentropic give a rough approxi­
mation to the wajr in 'which the parameters of state and flow 
vary with time and length of the pipe. In order to obtain a 
better approximation to the actual changes taking place in 
the fluid a correction due to the influence of friction has 
to be applied. This can be based on the change of entropy 
along the pa,rticle path, or an empirical correction can be 
adapted. It is only if the calculations are based on the 
compatibility equations of the original set of the equations 
describing the motion of the gas in the pipe that the true 
changes of the state of the fluid can be indicated^
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